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By Yevgeniya Nusinovich 


ince ancient times, humans have been trying to 
exercise control over their reproductive deci- 
sions, whether to avoid undesired pregnancy 
or to improve their chances of conceiving. In 
addition, the risks of pregnancy and child- 
birth have always been a major challenge. 
Humanity has come a long way since the days 
of herbal poultices and linen condoms, and 
modern medicine allows for unprecedented 
control of reproductive decisions and health. However, 
major limitations remain in both health care access 
and scientific knowledge. 

Despite the rapid progress that has been made over the 
past century, pregnancy continues to pose health risks. 
Recent research has provided insights 
into the biology of and interactions be- 
tween the mother, fetus, and placenta and 
their roles in both healthy pregnancies 
and complications. For preventing preg- 


The illustration depicts sperm trying 
to reach an oocyte. Some 
sperm are damaged and receiving 
medical help, whereas others 
encounter contraceptive obstacles. 


nancy, recent research offers the promise of expanding 
contraceptive options for men and strategies to combine 
contraception with disease prevention. For people strug- 
gling with infertility, insights from modern genetics are 
increasingly being applied to make a diagnosis and iden- 
tify the best approach to treatment. Nevertheless, specific 
interventions are limited, not least because it is unethical 
to genetically modify human germ cells. To treat infertil- 
ity regardless of the biological cause or to help people 
avoid passing on genetic diseases to their offspring, as- 
sisted reproductive technology offers an ever-increasing 
array of options, despite important risks and limitations. 

With continued discoveries in human genetics and 
cell biology, progress in our understanding of human 
reproduction is all but inevitable. How- 
ever, improving worldwide access to 
state-of-the-art reproductive care will 
be key to ensuring that these discover- 
ies benefit human health. 
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Barriers to progress in pregnancy research: 


How can we break through? 


Sarah J. Stock'?>* and Catherine E. Aiken*>® 


Healthy pregnancies are fundamental to healthy populations, but very few therapies to improve 
pregnancy outcomes are available. Fundamental concepts—for example, placentation or the mechanisms 
that control the onset of labor—remain understudied and incompletely understood. A key issue is that 
research efforts must capture the complexity of the tripartite maternal-placental-fetal system, the 
dynamics of which change throughout gestation. Studying pregnancy disorders is complicated by the 
difficulty of creating maternal-placental-fetal interfaces in vitro and the uncertain relevance of animal 
models to human pregnancy. However, newer approaches include trophoblast organoids to model 

the developing placenta and integrated data-science approaches to study longer-term outcomes. These 
approaches provide insights into the physiology of healthy pregnancy, which is the first step to 
identifying therapeutic targets in pregnancy disorders. 


regnancy health is a key determinant of 

population health, with around 85% of 

women experiencing pregnancy during 

their lifetime (7). Pregnancy and child- 

birth have profound effects on imme- 
diate and life-course health for both infants 
and mothers. It is therefore crucial to develop 
effective methods for preventing and treating 
pregnancy complications. Pregnancy compli- 
cations are common (Table 1) and increasing, 
as more women globally enter pregnancy with 
comorbidities, including obesity, advanced age, 
and coexisting medical disorders (2). At pres- 
ent, there are very few therapies designed spe- 
cifically for pregnancy conditions, and there 
has been a virtual absence of new products 
coming to market in recent years (3, 4). Ex- 
cluding reformulations, in the past 30 years, 
there have been two drugs licensed for use in 
pregnancy. Atosiban is an oxytocin antagonist 
licensed as a preterm labor treatment in the 
United Kingdom but not the United States. 
Makena (hydroxyprogesterone caproate injec- 
tion) was approved for use in pregnancy for 
preterm birth prevention in the United States, 
but approval has now been revoked (5). An- 
other two drugs (carboprost, a synthetic prost- 
aglandin; and carbetocin, an oxytocin agonist) 
have been licensed for postpartum use for 
bleeding control. The reasons for the lack of 
progress to safe and effective treatments for 
pregnancy complications are complex. It seems 
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likely that systemic sexism and paternalism 
contribute, coupled with risk-averse or defen- 
sive practices that lead to purposive exclusion 
of pregnant women from research (6). Preg- 
nancy is also particularly challenging to study. 
First, pregnancy complications result from 
three-way interactions between the pregnant 
woman, the developing baby, and the placenta, 
which are complex to model in vitro. Second, 
evolving changes over gestation need to be 
accounted for. Third, in vivo study of human 
pregnancy is restricted by the inaccessibility 
of samples from within the uterine environ- 
ment. Finally, pronounced disparities in preg- 
nancy outcomes exist between and within 
countries. This indicates that interactions be- 
tween social determinants of health and bio- 
logical pathways must be considered if progress 
is going to be made on a global scale. 


( 


We explore three examples of fundame Ches 
knowledge gaps, each of which is often Laat g 
sidered to relate to one particular aspect of the 
maternal-placental-fetal triad: placenta (pre- 
eclampsia), mother (gestational diabetes), and 
fetus (preterm birth). We aim to illustrate how 
each is more usefully considered in the context 
of a dynamic tripartite system and highlight 
promising research directions. 


Preeclampsia 


The placenta is a pregnancy-specific organ 
that grows de novo from the extraembryonic 
tissues of the conceptus, interfacing with both 
the maternal and the fetal circulations to sus- 
tain fetal development. The placenta dynam- 
ically adopts the functions of the lungs, kidneys, 
gut, endocrine system, and many other body 
systems to maintain fetal homeostasis through- 
out pregnancy. Placental support for the fetus 
also extends to subverting maternal physiology, 
for example, altering cardiac output to meet 
fetal requirements (7) However, complete de- 
pendence on the placenta as a flexible support 
system also carries risk to the fetus. Placentas 
are unlike other human organs in that they grow 
rapidly—from a few cells to full size in a few short 
weeks—but also age rapidly (8). Tiny variations 
in placental development at the start of preg- 
nancy can lead to catastrophic failure to sus- 
tain later fetal growth. In the earliest stages of 
pregnancy, optimal establishment of placen- 
tation, particularly interaction with maternal 
decidual cells (9), is crucial to reduce the risk of 
life-threatening disorders such as preeclampsia. 

Preeclampsia affects 2 to 8% of all pregnan- 
cies worldwide (JO) and remains a major cause 
of maternal and fetal mortality. Preeclampsia 
(at least in its early-onset form) results from 


Table 1. Global estimates of the incidence of selected pregnancy complications. High-quality 
data on maternal and perinatal morbidity are not available in many settings, which is a barrier to 
pregnancy research. In this table, we present best available global estimates for selected outcomes. 


Cl, confidence interval; Ul, uncertainty interval. 


Condition 


Global estimate (%) Reference 


& 


Maternal near miss (maternal life-threatening 
complication) 


Birth asphyxia (hypoxic ischemic encephalopathy) 


*Per 100 live births. {Per 100 pregnancies. 
or live births. Per 100 births. 


Per 100 pregnancies =24 weeks gestation. 


14.0 (95% Cl 13.97 to 14.04) (26) 

roe Uae Cae 
1.4 (95% Cl 0.4 to 2.5)8 (44) 

— ue ee es 
3.9 (95% C118 to 6.8)! (46) 
0.05 (95% Cl 0.03 to 0.07)" (46) 
0.15 (95% Cl 0.13 to 0.17" (47) 


§Per 100 deliveries 
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incomplete conversion of the uter- 
ine spiral arteries by a particular 
subset of placental cells, the ex- 
travillous trophoblast, in a process 
that is fundamental to healthy 
pregnancy yet incompletely un- 
derstood (Fig. 1). The quality of 
the interaction between the tropho- 
blast and the maternal decidua de- 
pends on a complex multitude of 
factors, including both maternal 
and paternal genetics (11). Subop- 
timal connections between the de- 
veloping placenta and the uterus 
early in pregnancy result in a con- 
stellation of damaging sequelae 
as pregnancy progresses, including 
severe maternal hypertension and 
fetal growth restriction (72). 

Despite the high global burden 
of morbidity associated with pre- 
eclampsia (0), strategies for treat- 
ment that are in use now remain 
crude and poorly targeted. Mag- 
nesium sulfate and antihyperten- 
sives are the mainstays of therapy. 
Maintaining control of maternal 
blood pressure is essential, but the 
antihypertensives used to treat 
preeclampsia are limited and old- 
fashioned. Labetalol, a combined 
a. and £ blocker, is commonly used. 
Labetalol is relatively inefficient at reducing 
blood pressure, and, despite decades of use, its 
pharmacokinetics in pregnancy remain poor- 
ly understood (3). Importantly, no drug now 
used in the treatment of preeclampsia modifies 
the underlying disease process, which is the 
culmination of events that begin months ear- 
lier during early placentation. There is an ur- 
gent need to understand more about these 
early stages of placental development with a 
view to identifying targets for the prevention 
of preeclampsia and treatment of severe early- 
onset preeclampsia. 

For preeclampsia prevention, repurposed 
basic drugs are in clinical use now, including cal- 
cium and low-dose aspirin (<300 mg) (/4). Al- 
though evidence from clinical trials suggests that 
aspirin is effective in reducing the risk of pre- 
eclampsia by ~60% in selected women whose 
risk of preterm preeclampsia was >1 in 100 using 
a biomarker and risk factor-based screening al- 
gorithm (15), there is no clarity on the underlying 
mechanism of action. Possible theories include a 
direct effect on the extravillous trophoblast cells, 
reduction of platelet aggregation that reduces 
the risk of placental infarction, or reduction of 
endothelial activation in the maternal circula- 
tion [reviewed in (/6)]. Our inability to distin- 
guish between these theories exemplifies the 
difficulties with placental drug targeting. 

Human placentas have several distinctive 
features, meaning that results from animal 
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Fig. 1. Limited conversion of the spiral arteries in the context of preeclampsia. 
EVT, extravillous trophoblast. 


models are less directly applicable than in 
other areas of medicine. There is an enormous 
amount of variability among eutherian mam- 
mals in the basic structure and function of 
the placenta, reflecting both placental evo- 
lution and the ecological niche of various 
species (17). For experiments that study many 
functions—for example, oxygen or glucose 
transport—mammals such as sheep are ex- 
tremely useful, but crucially, only other great 
apes share human patterns of placental inva- 
sion in early pregnancy. In humans, the extra- 
villous trophoblast invades both through the 
uterus toward the maternal vessels and down 
the lumen of the uterine spiral arteries (Fig. 
1). Given the importance of trophoblast inva- 
sion as the initiating event for preeclampsia, 
results from models in which this does not 
occur are less readily translatable. 

A recent advance that is likely to provide 
important insights into fundamental placental 
biology is the development of placental orga- 
noids. These differentiate in vitro into both the 
cellular and syncytial components of placental 
epithelial cells within matrigel droplets (18). 
In the context of preeclampsia research, they 
can be induced to differentiate into extravil- 
lous trophoblast. Having a stable, renewable, 
three-dimensional (3D) “placenta in a dish” 
that contains multiple fully differentiated epi- 
thelial lineages opens possibilities for the dis- 
covery of targeted therapeutics. At present, 


Pregnancy affected by 
preeclampsia 


limitations include the “inside- 
outside” structure of the organoids 
(Fig. 2), although whether there 
are any functional implications 
of this structure is presently un- 
clear. Alternative methods for in- 
vestigating the biology of early 
trophoblast include cultured tro- 
phoblast stem cells (19, 20), which 
are easier to culture in large num- 
bers but lack 3D structure and cell 
interaction. A further approach, 
which avoids the use of immor- 
talized cell lines, is to derive fresh 
syncytiotrophoblast cultures (27); 
however, this negates the advan- 
tages of studying the interplay be- 
tween different trophoblast lineages. 

Future horizons in this work 
include moving toward develop- 
ing stable coculture systems to 
model the maternal-placental-fetal 
triad. It is also now possible to de- 
rive organoids that recapitulate 
single decidual cells from maternal 
uterine tissue, opening possibil- 
ities for combined model systems 
that include both trophoblast and 
decidual components (22). Pre- 
eclampsia is a disorder that arises 
from the quality of the interac- 
tion between the mother and the 
placenta, and therefore finding potential ther- 
apeutic targets relies on being able to study 
trophoblast that is behaving as it would in 
healthy human pregnancy. 


Gestational diabetes 


Integrating maternal aspects with fetal and 
placental model systems is also necessary 
to advance research into disorders that arise 
from maternal adaptation to pregnancy. Preg- 
nancy involves the subversion of normal ma- 
ternal homeostatic control for fetal benefit, 
encompassing virtually every physiological 
system. These changes are largely driven by 
placental hormone production, which changes 
over the course of pregnancy to reflect fe- 
tal requirements. Although these demands 
remain within the boundaries of physiolog- 
ical reserve in otherwise healthy mothers, 
underlying maternal disease tendencies are 
revealed when this capacity is exceeded. 
With global shifts in maternity populations 
toward later age at first birth and high rates 
of maternal obesity, the risk of pregnancy 
unmasking underlying physiological vulner- 
abilities increases. Compromised maternal 
adaptation to pregnancy carries serious con- 
sequences for the survival of both mother 
and baby. 

A key example of maladaptation of mater- 
nal physiology is gestational diabetes. Pregnant 
women develop relative insulin resistance, driven 
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Fig. 2. “Inside-out” structure of trophoblast organoids derived from first-trimester placental villi. 
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Fig. 3. Present understanding of the pathophysiology of gestational diabetes. The addition of placental 
hormones in a mother with one or more risk factors for diabetes (obesity, insulin resistance, other metabolic 
dysfunction, B cell dysfunction, genetic risk factors, and/or high proinflammatory cytokines) leads to high 
maternal circulating glucose. There is subsequent increased facilitated diffusion of glucose across the placenta, 


which provokes high fetal and neonatal insulin release. G 


LUT, glucose transporter; hPL, human placental lactogen; 


NICU, neonatal intensive care unit; pGH, placental growth hormone. 


by placental hormone synthesis (23), to ensure 
that more circulating glucose is available for 
fetal growth. Gestational diabetes arises when 
normal circulating glucose thresholds are ex- 
ceeded (Fig. 3). In addition to unmasking an 
increased lifetime risk of type 2 diabetes in 
the mother, gestational diabetes carries risks 
for the fetus; fetal overgrowth and neonatal 
complications are problematic in the short 
term (24), in addition to longer-term meta- 
bolic dysregulation into childhood (25). With 
~1 in 6 pregnancies globally affected by ges- 
tational diabetes (26), this is a problem that 
threatens population health. Defining optimal 
treatment strategies for gestational diabetes is 
thus a high priority. 
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At present, treatments used for gestational 
diabetes are repurposed directly from those 
used in type 2 diabetes; no gestational diabetes- 
specific therapies are available. Diet and life- 
style modification are first-line therapies but 
are only effective in ~50 to 66% of cases (27). 
Pharmacological options that are now recom- 
mended in various international guidelines in- 
clude insulin, glyburide, and metformin, all of 
which are effective in controlling maternal 
hyperglycemia (28); however, repurposing drugs 
from standard diabetes care to pregnancy in- 
volves consideration of the potential impacts 
on all aspects of the maternal-placental-fetal 
triad. The placenta is a key consideration here; 
although assessing placental transfer of drugs 
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between the maternal and fetal circulations 
is routine, the direct impact of drugs on the 
placenta itself is more often overlooked in 
assessing new therapies. An example is the 
impact of metformin, which is a known in- 
hibitor of complex I of the electron transport 
chain that reduces placental adenosine tri- 
phosphate (ATP) production (2) and is asso- 
ciated with lower birthweight (28). These 
findings have led to considerable divergence 
in opinion regarding metformin as a first-line 
drug therapy in pregnancy. This example high- 
lights not only the need for more rigorous 
evaluation of placental impacts of drug thera- 
pies in pregnancy but also the challenge of 
evaluating the longer-term impacts of intra- 
uterine exposure to therapeutics on health 
into childhood or beyond. Follow-up of birth 
cohorts is expensive, slow, and difficult to 
achieve without introducing marked attrition 
bias. Studies that link electronic health rec- 
ords and other routinely collected data sources, 
especially those with enhanced methodologies 
such as sibling pairing, will be increasingly 
important to ensure that subtle alterations 
in long-term health outcomes that arise from 
suboptimal early life environments can be de- 
tected and monitored. 


Spontaneous preterm labor 


A further critical knowledge gap surrounds 
the mechanisms that control the onset of hu- 
man labor, which must be appropriately timed 
for optimal birth outcomes. Preterm birth 
(<37 weeks gestation) affects ~1 in 10 pregnan- 
cies, resulting in sequelae ranging from neo- 
natal death to impaired physical growth and 
neurodevelopment (29). By contrast, if birth 
is not achieved by 40 weeks, the risk of still- 
birth increases (30). 

Spontaneous labor at term is a coordinated 
process that involves maternal (cervix, myome- 
trium, and decidua) and placental [placenta 
and fetal membranes (chorion and amnion)] 
tissues, accompanied by fetal maturation (17). 
Inflammation is a key feature, but the funda- 
mental mechanisms that control the onset of 
parturition in humans remain unknown (J7). In 
most mammals other than primates, labor is in- 
itiated by withdrawal of progesterone (37). In 
human pregnancy, there is no drop in circulat- 
ing progesterone, but there is thought to be 
locally regulated “functional” progesterone with- 
drawal (37). However, the specific control mech- 
anisms and transcriptional effects of this are not 
known, highlighting a key problem of using ani- 
mal models for developing treatments for preg- 
nancy conditions. 

During gestation, exogenous stimuli, such as 
infection or trauma, or endogenous stimuli (in- 
cluding placental insufficiency, hemorrhage, 
hypoxia, or uterine overdistension) can pre- 
maturely stimulate inflammation in various re- 
productive tract tissues, propagating spontaneous 
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preterm labor (32). To date, many studies of 
preterm labor have focused on the responses 
of one tissue type. Recently, systems biology ap- 
proaches applied to multiple tissues in tandem 
have shown promise (33). However, technolog- 
ical challenges remain to enable a whole-system 
approach that captures dynamic changes in the 
maternal, fetal, and placental compartments 
across gestation. This has contributed to a fail- 
ure to convert promising preclinical targets to 
effective clinical treatments (33). 

At present, there are very few effective drugs 
for the prevention of preterm labor. Progester- 
one supplementation can sometimes extend 
gestation in women who are thought to be at 
high risk of preterm birth. However, injectable 
17-a-hydroxyprogesterone caproate (Makena) 
has had US Food and Drug Administration 
(FDA) approval withdrawn because postmar- 
ket studies failed to confirm clinical benefit 
(5). Vaginal progesterone is widely reeommen- 
ded and used off-label for preterm birth pre- 
vention instead. However, this also lacks FDA 
approval, and there is conflicting evidence as 
to its efficacy (34). Given the already-high con- 
centrations of circulating progesterone, the 
mode of action of additional supplementary 
progesterone is not known. 

An alternative, widely used preventive treat- 
ment in women with an increased risk of pre- 
term birth is cervical cerclage. This is where 
a mesh or monofilament suture is inserted 
through the body of the cervix to help keep it 
closed, which carries risk of complications, in- 
cluding damage to the cervix, bleeding, and 
membrane rupture (35). A problem with both 
progesterone and cervical cerclage is the iden- 
tification of individuals who would most ben- 
efit from treatment. At present, the risk of 
preterm birth is usually based on nonspecific 
clinical features such as a history of preterm 
birth or emerging signs of preterm labor such 
as a short cervix on ultrasound. Efforts to better 
understand both the genotype and phenotype 
of preterm birth, which has multiple underlying 
etiologies, may help to determine groups that 
would benefit from these treatments, as well as 
identifying much-needed new treatment targets. 

In women with signs and symptoms of spon- 
taneous preterm labor, tocolytic agents may 
temporarily slow or stop contractions, buying 
time to administer corticosteroids to promote 
fetal maturation or to access a higher-level health 
care facility. Recommended agents vary by 
country but include calcium channel blockers, 
betamimetics, nitric oxide donors, cyclooxygenase 
inhibitors, magnesium sulfate, and oxytocin re- 
ceptor antagonists. In general, there is evidence 
that these agents may prolong pregnancy for 
2 days to 1 week, but they have maternal side 
effects and evidence of neonatal or longer-term 
benefit is absent (36). 

Much of the effort to develop preterm-birth 
treatments focuses on identifying candidates 
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that prolong gestation (37). This assumes that 
advancing gestation will benefit infant out- 
comes, given that the severity of preterm mor- 
bidity is inversely related to gestation at birth. 
However, preterm labor is the final common 
pathway of multiple intrauterine challenges 
that can threaten the developing fetus (32). 
Infection, placental insufficiency, hemorrhage, 
and hypoxia are examples of direct risks to 
fetal life that are resolved by spontaneous or 
iatrogenic preterm birth. Injudicious treatments 
to keep a baby in a toxic uterine environment 
may thus be damaging, with potential long- 
lasting effects on childhood development. To 
optimize infant outcomes, we need to move 
to an approach that includes (i) early identifi- 
cation and treatment of pathologies that can 
lead to preterm labor, (ii) individualized eval- 
uation of both the fetal and maternal responses 
to such threats, and (iii) timing birth to when 
the risks of continuing pregnancy outweigh the 
risks of prematurity. Focusing only on modulat- 
ing the onset, or progress, of preterm labor, as 
most trials to date have done (38), only ad- 
dresses the last part of this paradigm. In par- 
allel, we need better methods of assessing fetal 
well-being and the effects on development, with 
therapeutics aimed at modifying underlying 
causes. The coordinated application of advances 
in in utero imaging (39), the development of 
wearable monitors (40), and the identification 
of circulating biomarkers such as nucleic acids 
(41) is a promising strategy toward this goal. 


Conclusion 


Development of therapies to treat pregnancy- 
related conditions is, at present, inadequate. 
For all the conditions we discussed, progress 
toward new therapies would be enhanced by 
the identification of improved biomarkers to 
stratify risk and target therapeutics. As of now, 
the biomarkers in clinical use either have poor 
predictive power [the ratio of soluble fms-like 
tyrosine kinase 1 (sFIt) to placental growth factor 
(PIGF) in preeclampsia] or are the manifestations 
of the conditions themselves (blood glucose in 
gestational diabetes mellitus and fetal fibronectin 
in preterm birth). The sequencing of extracel- 
lular RNA that is circulating in maternal blood 
is an exciting new development with potential 
for predicting pregnancy complications (47). 
In the absence of safe and effective treat- 
ments, large numbers of women and their 
babies will continue to get sick or die. More 
research that takes an integrated approach 
to the dynamic interactions of the maternal- 
placental-fetal triad is urgently required. This 
may involve looking outside the traditional 
methodologies of laboratory animal and obser- 
vational human cohort studies used in preg- 
nancy research toward techniques used in 
other disciplines, for example, the development 
of digital twins and 3D tissue-architecture 
models. Addressing major gaps in our funda- 


mental understanding of the physiology of 
pregnancy, development, and birth is neces- 
sary to identify candidate therapeutic targets 
for the benefit of future population health. 
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A brief history and future prospects of contraception 


Deborah J. Anderson? and Daniel S. Johnston 


2,3,4 


Modern contraception ushered in an era of improved family planning, but more than 60 years after 
approval of “the pill,” product gaps and unmet needs still exist. Nearly 250 million women worldwide who 
want to delay or avoid pregnancy do so ineffectively or not at all, and the principal mechanism of male 
contraception, condoms, has not changed in 100 years. As a result, about half of the pregnancies 

that occur globally each year are unintended. Increasing contraceptive options and uptake will curtail 
abortions, empower women and men, promote healthy families, and moderate population growth that 
overtaxes the environment. This Review addresses the history of contraception, shortcomings in 
contraceptive methods, promising approaches for male and female contraception, and simultaneous 
protection against unintended pregnancy and sexually transmitted infections. 


hereas fewer than 1 billion people in- 

habited Earth 200 years ago, the hu- 

man population recently surpassed 

8 billion and is on track to exceed 10 

billion by 2100 (J). Population growth 
was fueled by the Industrial Revolution, which 
introduced more efficient agricultural prac- 
tices and the refinement of fossil fuels and 
minerals, which led to global economic growth. 
Other major influences were advancements in 
sanitation practices, and new drugs and vac- 
cines that reduced human disease. In 1800, the 
global child mortality rate was 43%, and the 
average human life span was 49 years, whereas 
in 2022, these figures were 3.8% and 773 years, 
respectively (2, 3). The global fertility rate (the 
average number of children born per woman) 
decreased from 5.0 in 1960 to 2.5 today in part 
because of new contraception practices and 
burgeoning education and empowerment of 
women. Even so, the population continues 
to grow because the global fertility rate (2.5) 
exceeds the level of sustainable replacement 
(2.1), and because of “population momen- 
tum” (J, 4). 

The era of modern contraception arose amid 
the exponential population growth of the 20th 
century (Fig. 1). Contraception is defined as 
the act of intentionally preventing pregnancy 
by means of devices, practices, medications, or 
surgery. Modern contraceptives have a sound 
basis in reproductive biology and evidence of 
efficacy by using a precise protocol for correct 
use (7). Examples of modern options now avail- 
able for women include tubal ligation, barrier 
methods, hormonal methods [“the pill”, im- 
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plants and injectables, progestin intrauterine 
devices (IUDs), or emergency contraception], 
and nonhormonal IUDs. Only two choices are 
available for men: vasectomy and condoms 
(Fig. 2). 

Women now have the potential for repro- 
ductive autonomy, and most will use at least 
one contraception method during their life- 
time. However, an estimated 170 million wo- 
men worldwide who want to avoid pregnancy 
are not using any contraceptive method at all, 
and another 80 million women are not using 
safe and effective modern contraceptives (5). 
Consequently, of the 210 million pregnancies 
that occur globally each year, about half are 
unintended (6). Unintended pregnancies oc- 
cur disproportionately in young and poor 
women and are associated with increased in- 
cidences of maternal and child mortality and 
cycles of intergenerational poverty. World- 
wide, more than 60% of unintended pregnan- 
cies end in abortion (7). 

The contraception gap is multifaceted. Many 
women have limited access to comprehensive 
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Fig. 1. Contraception and human population growth. 
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sexual education and modern contracept Chee 
Of those with access, some express conct..~ 
over side effects or social stigma, whereas 
others experience opposition for social and 
cultural reasons (J). These hurdles contribute 
to inconsistent use and discontinuation. At the 
same time, many men report willingness to 
help close the gap and assume greater respon- 
sibility for family planning if provided with 
innovative male contraceptive methods (8). 

The importance of contraception extends 
beyond preventing unintended pregnancies. 
Contraception plays an essential role in family 
planning and the ability of individuals and 
couples to influence the timing of initial and 
successive pregnancies. Child spacing has clear 
implications on the health of the child and the 
mother. Family planning also has economic 
benefits; it allows families to determine how 
many children they can support and affords 
women greater opportunity to pursue educa- 
tion and jobs. Arguably, contraceptive choices 
are as important during and after the child- 
bearing stages as they are beforehand. 

This Review identifies current problems and 
gaps in existing contraception options and 
details three focus areas for future generations 
of contraceptives: (i) more male methods; (ii) 
nonhormonal on-demand female contracep- 
tives that have fewer side effects; and (iii) con- 
traception that also protects against sexually 
transmissible infections (STIs), also called 
multipurpose prevention technology (MPT). 


Contraception past and present 


Most women are fertile for at least 30 years 
and are theoretically capable of giving birth 
annually during this phase of their life span. 
Men produce 70 million to 150 million sperm 
per day, can maintain their fertility well into 
their latter decades of life, and thus are capable 
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of siring hundreds of offspring. Historical con- 
traceptive options have included abstinence, 
fertility awareness (monitoring physical signs 
to estimate ovulation), and withdrawal. In pres- 
ent times, fertility awareness and withdrawal 
methods are practiced by about 8% of couples 
desiring contraception (9). These methods have 
annual failure rates of more than 20% (J). 
Women have used vaginal poultices for con- 
traception since at least 2000 BCE, using soft 
materials such as cotton or wool soaked in 
various mixtures of oils, fruit juice, herbs, and 
other substances to form a tampon-like plug. 
Today, user-applied vaginal methods are lim- 


ited. Nonoxynol-9 (N-9)—a spermicidal sur- 
factant formulated as a gel, cream, or 
film—has been available since the 1960s. 
Phexxi, an acidic vaginal gel that im- 
pairs sperm motility by buffering the 
vaginal pH after intercourse, was in- 
troduced in 2020. As with all user- 
controlled methods, efficacy depends 
on adherence. The annual failure rate 
of these vaginal contraceptive meth- 
ods can be high (N-9, 18 to 28%; Phexxi, 
14%) (10, 1). 

Male barrier methods (penile sheaths) 
were used in ancient Egypt and Rome, 
and a female condom was described in 
the Greek literature from 3000 BCE 
(12). Early condoms were made from 
animal bladders and intestines, or from 
chemically treated linen (13). During 
the 1700s, condoms were widely used 
by men in Europe to prevent sexually 
transmitted infections. In the 1920s, 
synthetic latex was invented and led to 
the manufacture of thin male condoms 
with high flexibility and increased ten- 
sile strength. Synthetic latex condoms 
remain the predominant male barrier 
method used today. Modern female condoms 
are made of latex or nitrile. Condoms offer 
advantages: they are relatively inexpensive, 
widely available directly to the end user, pro- 
vide effective contraception, and protect against 
most STIs. Disadvantages are the time needed 
to apply a condom (interrupts intimacy) and 
decreased sexual sensation. Under perfect 
use, condoms are 98% effective, but in actual 
use, they are 87% effective. Diaphragms and 
cervical caps, two female barrier methods, 
do not protect users from most STIs and have 
typical failure rates of 18% (1). Globally, near- 
ly one-quarter of contracepting couples use 
barrier methods as their primary means of 
contraception: 21% male condoms, 2% dia- 
phragms and cervical caps, and 1% female 
condoms (9). 

Vasectomy is a surgical procedure that sev- 
ers and seals the vas deferens, the duct that 
transports sperm during ejaculation. Female 
tubal ligation is a surgical procedure that pre- 
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the fallopian tubes, which connect the ovaries 
to the uterus. Both vasectomy and tubal liga- 
tion procedures are safe and highly (>99%) 
effective, but there is a large gender disparity 
in their uptake. Worldwide, 26.6% of contra- 
cepting women have had tubal ligation surgery, 
whereas only 2.8% of men are vasectomized 
(5). These procedures are referred to as steri- 
lization, although this designation is some- 
what misleading. Men and women continue 
to produce gametes, and both procedures can 
be successfully reversed with surgery (vaso- 
vasostomy or tubal reanastomosis), with fer- 
tility restored in 40 to 70% of cases (14, 15). 


Alternatively, many vasectomized men and 


and others). These newer IUDs are safe, are 99% 
effective, and produce long-acting reversible 
contraception (LARC) for 8 to 10 years. IUDs 
primarily work by preventing fertilization. 
The copper IUD emits copper ions that are 
toxic to gametes, and hormonal IUDs block 
ovulation and thicken cervical mucus, pre- 
venting sperm from reaching the fallopian 
tubes. The effectiveness of IUDs as emergency 
contraceptives implies that they may also act 
by preventing implantation of the blastocyst 
(20). The copper IUD causes heavier men- 
strual bleeding, which is a serious side effect 
for some women; hormonal IUDs generally 
reduce menstrual bleeding, which is often 

considered an advantage. IUDs earn the 

highest rate of satisfaction and contin- 

uation of all reversible contraceptives: 


17% of women using contraception today 
use IUDs (9). 

The first oral hormonal contraceptive 
pill, Enovid, was approved by the US 


Food and Drug Administration (FDA) 
for contraception in 1960. Other oral 
contraceptives soon followed, and by 
1963, 2.3 million women were using 


PERCENT EFFICACY PERCENT OF USE 

OF TYPICAL USE WORLDWIDE 
Permanent Female sterilization 27% 
surgical methods Male sterilization 3% 
>99.5% 

Long-acting, UDs 17% 

reversible methods Hormone implants 2% 
>99% 

Short-acting, Hormone injections 8% 
reversible methods Hormone pills 16% 
93-96% 


some form of oral birth control (27). 
Serious adverse effects associated with 
these early pills were soon reported. 


Barrier methods Condoms 21% 


>80% 


Epidemiological studies concluded that 
pill users were more susceptible to 
thromboembolism than were non-pill 
users (22). Estrogens, and ethinyl estra- 
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>70% Withdrawal 5% 


Fertility awareness 3% 


diol in particular, were implicated. Over 
time, both estrogen and progestin com- 


Others 2% 


Fig. 2. Modern contraception methods: Types, usage, and 
efficacy. See (5, 9). 


ligated women can achieve pregnancy through 
in vitro fertilization technologies, with fertility 
rates ranging from 30 to 70% (16, 17). However, 
these methods are expensive and inaccessible 
to many individuals. Nonsurgical methods to 
block the vas deferens and readily reversible 
vasectomies are currently being explored with 
the hope that they will increase the popularity 
of vasectomies (8). 

IUDs were invented in the early 1900s but 
were not widely used for contraception in the 
United States until the late 1950s; by 1974, 
there were more than 2.5 million users. Un- 
fortunately, one of the IUDs marketed at that 
time, the Dalkon Shield, was associated with 
pelvic infections and mortality because of a 
multifilamentous tail string that allowed bac- 
teria to ascend from the vagina into the uterus. 
It was removed from the market in 1974, but 
the damage it caused set the IUD field back 
several years (19). Two classes of IUDs are cur- 
rently widely available: the nonhormonal cop- 
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ponents of combination pills were mark- 
edly reduced, and safety increased. 

In combined hormonal contraceptives, 
both progestins and estrogens inhibit 
the hypothalamic-pituitary-ovarian axis, 
which controls the reproductive cycle. 
Progestins prevent pregnancy by inhibiting 
the luteinizing hormone (LH) surge, thus sup- 
pressing ovulation, thickening the cervical 
mucus, and lowering fallopian tube motility. 
Estrogens prevent pregnancy by suppressing 
follicle-stimulating hormone (FSH) produc- 
tion, which prevents egg maturation. The ad- 
dition of estrogen also helps prevent irregular 
bleeding (23). 

Collectively, about 30% of women world- 
wide currently use contraceptives with hor- 
monal mechanisms of action. The estrogen 
and/or progestin-only birth control pills, when 
taken as directed, are >98% effective (24). Fur- 
thermore, substantial modifications have al- 
lowed for reduced dosages and expanded routes 
of administration (implants, injectables, in- 
trauterine devices, vaginal rings, and dermal 
patches), which has increased safety and prod- 
uct choices. However, the estrogens and pro- 
gestogens in female hormonal methods are 
still associated with side effects and potential 
health risks. Estrogens are contraindicated in 
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women at risk for thrombosis (from smoking, 
hypertension, obesity, or history of thrombosis) 
and after hormone-dependent cancer. Proges- 
tins are associated with abnormal bleeding 
patterns, headaches, mood swings, and other 
side effects that can cause end-user dissatis- 
faction and discontinuation (25). Such risks 
and drawbacks are reasons for developing ad- 
ditional methods of contraception. 


Emerging contraceptives 
Male contraceptives 
Hormonal 


Reversible oligospermia (<15 million sperm/ml 
of ejaculate) was achieved by the exogenous 
administration of androgen in 1939 (26), but it 
was a 1972 publication (27) that ignited inter- 
est that continues to the present day (28-30). 
“Hormonal male contraception” functions by 
suppressing FSH and LH secretion from the 
pituitary gland. LH stimulates biosynthesis of 
testosterone by testicular Leydig cells, which 
is critical to sustaining spermatogenesis. Sup- 
pression of LH results in decreased intrates- 
ticular testosterone, spermatogenic failure, and 
reduced ejaculatory sperm concentrations. Con- 
centrations of <1 million sperm/ml are often 
achieved, a level deemed compatible with ef- 
fective contraception. Cessation of male hor- 
monal treatments leads to a return of normal 
LH and FSH secretion, normal intratesticular 
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testosterone concentrations, and a resumption 
of spermatogenesis. 

Administration of estrogen or progestin 
along with androgen provides markedly 
greater suppression of the hypothalamic- 
pituitary-gonadal (HPG) axis as compared with 
use of androgen alone (37). Gonadotropin- 
releasing hormone (GnRH) agonists and anta- 
gonists also suppress FSH and LH secretion. 
To date, many androgenic molecules have 
been clinically evaluated alone or in combina- 
tion with estrogens, progestins, GnRH agonists, 
or GnRH antagonists in a variety of delivery 
systems, including oral pills, intramuscular in- 
jections, subdermal injections, implants, and 
transdermal gels (28, 32-34). 

Nestorone + testosterone (NES+TES) com- 
bination gel is a promising product that func- 
tions through the HPG axis and has advanced 
into clinical trials (ClinicalTrials.gov identifier: 
NCT03452111). NES+TES is a single transder- 
mal gel product that combines nestorone, a 
progestin, and testosterone and is applied daily 
by men to the shoulder and upper arm. In a 
previous trial, NES+TES formulations reduced 
sperm counts to <1 million sperm/ml in 88 to 
89% of subjects, whereas only 23% of men in 
the testosterone-only group had reductions to 
that level. No serious adverse effects were re- 
ported. The most common side effect in the 
NES+TES groups was acne (about 25% of sub- 
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Fig. 3. Current and future contraceptive methods. Current contraceptive methods are indicated with gray 
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jects). Secondary transfer of NES+TES gel to 
others is possible but was minimized by wash- 
ing and covering the site after application (35). 

Dimethandrolone undecanoate (DMAU) is 
a prodrug that is converted into dimethan- 
drolone, which has both androgenic and pro- 
gestational activity (36). A phase I clinical trial 
is enrolling participants to evaluate single in- 
jections of either intramuscular or subcuta- 
neous DMAU in castor oil-benzyl benzoate 
over a 5- to 7-month period (ClinicalTrials.gov 
identifier: NCT02927210). 


Nonhormonal molecularly targeted 
male contraceptives 


The past 25 years have been an active period 
for the development of small-molecule male 
contraceptive methods that do not function 
through the HPG axis. This approach identi- 
fies molecules that modulate a specific molec- 
ular target such as a kinase required for the 
formation and/or maturation of functional 
sperm. For the development of a contraceptive 
that must have minimal side effects, select- 
ing targets exclusively or predominantly ex- 
pressed in the reproductive system will minimize 
potential systemic toxicity. 

A leading example of a nonhormonal mo- 
lecularly targeted contraceptive is soluble ade- 
nyl cyclase (SAC; ADCY10). Targeted deletions 
of ADCY10 in mice result in male infertility 
(37), and two infertile men were identified 
that have identical frameshift mutations that 
disrupt sAC’s active site (38). A recent study 
demonstrated inhibition of sperm motility and 
short-term infertility in mice after intraperi- 
toneal administration of a sAC inhibitor. Mating 
behavior was not affected, and fertility was re- 
stored within 24 hours, demonstrating revers- 
ible on-demand male contraceptive activity (39). 
Additional research to improve drug-like prop- 
erties, such as oral bioavailability and com- 
pound residence time, may extend the duration 
of effectiveness and may lead to a clinical trial 
for this potential on-demand male contraceptive. 


Innovative nonhormonal contraceptives 
for women 


Ovaprene is an investigational hormone-free, 
monthly contraceptive intravaginal ring being 
developed by Daré Bioscience. Sperm trans- 
port through the cervix is prevented by the re- 
lease of ferrous gluconate (a spermiostatic 
agent) and a knitted polymer barrier that spans 
the ring (40). Early clinical trials indicate that 
the device is safe and highly effective at low- 
ering numbers of progressively motile sperm 
in the post-coital test. The product is intended 
to be used continuously for up to one men- 
strual cycle. A pivotal clinical trial is expected 
to begin in 2023. 

Specific molecular targets from the male 
reproductive tract (testis, epididymis, and pros- 
tate) are being developed as user-controlled 
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vaginal contraceptive products. Inhibitory mo- 
lecules that target proteins required for sperm 
function “lie in wait” in the vagina and pre- 
vent the movement of sperm into the upper 
regions of the female reproductive tract, where 
fertilization occurs. 


Immunocontraception 


The field of immunocontraception began in 
the 1900s with discoveries that sperm can elic- 
it immune responses in animals and humans, 
leading to infertility, and that many infertile 
men and women have antisperm antibodies 
(41). Several international agencies started 
contraceptive vaccine programs directed at 
inhibiting sperm, oocytes, placenta, and endo- 
crine processes. In the 1980s and 90s, clinical 
trials were conducted to test the safety and ef- 
ficacy of a contraceptive vaccine that targets 
human chorionic gonadotropin (hCG), a hor- 
mone secreted by the blastocyst early in preg- 
nancy to ensure uterine receptivity. The vaccine 
trials demonstrated safety, but antibody levels 
were highly variable, indicating that some wo- 
men would not be protected from pregnancy (42). 

Today, the immunocontraception approach 
is undergoing a renaissance owing to break- 
throughs in bioengineering and the ability to 
produce clinical-grade human monoclonal anti- 
bodies. The use of defined manufactured mo- 
noclonal antibodies for passive immunization 
bypasses the concerns raised with contracep- 
tive vaccines based on active immunization. 

One promising example is an antisperm mo- 
noclonal antibody, the “human contraceptive 
antibody” (HCA). This antibody recognizes a 
sperm surface carbohydrate epitope, CD52 g, 
and rapidly agglutinates and immobilizes sperm 
(43). Formulated into a vaginal film, it was re- 
cently tested in women in a phase I clinical 
trial. The antibody film was safe and effec- 
tively eliminated progressively motile sperm 
in cervical mucus in the post-coital test (44). 
Second-generation multivalent HCA constructs 
and alternate antibody delivery systems such 
as intravaginal rings and topical mRNA ap- 
plication are being explored (45). 


Multipurpose prevention technologies 


MPTs formally emerged from the microbicide 
field in 2009 and combine protection against 
multiple reproductive health risks such as un- 
intended pregnancy, HIV, herpes simplex virus 
(HSV), and other pathogenic STIs. More than 
350 million treatable STIs and 1.5 million new 
HIV cases are reported each year globally, and 
500 million adults are infected with and can 
potentially transmit HSV (46). For this reason, 
many sexually active women and men would 
prefer products that are not only contraceptive 
but also protective against STIs. Condoms are 
the only MPT products currently available. 
N-9, a vaginal spermicide introduced in the 
1960s for contraception, showed potent ef- 
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ficacy against HIV and other STIs in precli- 
nical research (47) and was tested in a series 
of clinical trials for protection against HIV-1 
transmission. Unfortunately, vaginal admin- 
istration of N-9 was not only ineffective against 
HIV (48) but enhanced transmission in high- 
risk populations because of its inflammatory 
effects (49). Five other nonspecific micro- 
bicides also failed HIV clinical trials (50). 

A newer class of MPTs combines potent 
antiretroviral drugs (ARVs) with previously 
approved contraceptive hormones. Levonor- 
gestrel was added to a monthly dapivirine 
intravaginal ring developed to prevent HIV 
sexual transmission, and this contraceptive- 
ARV ring demonstrated safety and effective 
drug-release profiles in phase I clinical trials. 
However, the dapivirine ring failed to gain 
FDA approval for HIV prevention because of 
poor efficacy (29%) in phase III clinical trials 
(51, 52). This may be revisited because the 
World Health Organization (WHO) recently 
approved the dapivirine ring for HIV preven- 
tion (53). Three other potent ARVs—tenofovir 
alafenamide, islatravir, and dolutegravir— 
have been formulated into long-acting im- 
plants that release effective drug concen- 
trations for 6 months to 1 year (54); plans are 
underway to add a contraceptive hormone 
such as levonorgestrel to these implants to 
develop long-acting contraceptive-MPTs. Oral 
and injectable anti-HIV-contraception combi- 
nations are also being explored. Long-acting 
cabotegravir-rilpivirine injections were recent- 
ly approved for HIV prevention and could be 
combined with injectable contraceptives such 
as DepoProvera or Net-EN. 

Several programs are also pursuing combi- 
nations of anti-STI and anti-sperm antibodies 
as MPTs. A vaginal film containing anti-HIV-1 
and anti-HSV monoclonal antibodies was 
shown to be safe and effective (ex vivo) ina 
phase I clinical trial (55); plans are underway 
to combine these antibodies with the anti- 
sperm antibody HCA to produce an on-demand 
MPT vaginal film or an intravaginal ring (56). 
HCA alone may also have a future as a MPT 
because the sperm antigen recognized by HCA, 
a glycoprotein produced in the epididymis, in- 
serts into the plasma membrane of sperm and 
other cells in semen by means of a glycosylphos- 
phatidylinositol (GPI) anchor. HCA has been 
shown to bind to sperm, HIV-infected leuko- 
cytes, and certain pathogens such as Tricho- 
monas vaginalis and cell-free HIV in semen and 
may clear infectious cells and organisms by trap- 
ping them in sperm agglutinates or mucus (57). 


Industry is critical to bring products to market 


The primary funders for contraception devel- 
opment are the National Institutes of Health, 
the US Agency for International Development, 
and the Bill and Melinda Gates Foundation. 
These entities are not equipped to bring prod- 
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ucts to market. Commitment and action are 
needed from the pharmaceutical industry, 
which exited from preclinical contraceptive 
development around 2007 after decades of ac- 
tivity and innovation. However, the past 5 years 
have seen renewed interest by pharma in em- 
erging contraceptives. Bayer and Organon have 
entered into agreements with small biotech 
companies focused on preclinical-stage and 
early clinical-stage nonhormonal female con- 
traception programs. Hopefully, this is the 
start of sustained recommitment to the field. 


Conclusions and outlook 


The long history of contraception is interest- 
ing and varied, from futile attempts to mag- 
nificent breakthroughs. A notable advance was 
achieved when hormonally acting female con- 
traceptives were approved more than 60 years 
ago. Despite this accomplishment, valid con- 
cerns persist about the safety and side effects 
associated with hormonal methods. Although 
efficacious alternatives exist, these methods 
do not meet the full range of needs of men 
and women throughout their reproductive life 
spans. A contraception “gap” persists, which 
modern-day research and industry can bridge. 
Exciting programs have emerged that de- 
monstrate proof of concept for hormonal and 
on-demand male contraception. Targets in 
the male reproductive tract are being pursued 
as female contraceptives. Moreover, a newer 
class of contraceptives designated as MPTs are 
under development to provide both contra- 
ception and protection against STIs (Fig. 3). 
This renaissance in contraception research 
has been made possible by renewed commit- 
ment from scientists, private foundations, and 
government institutions. These promising de- 
velopments await industry involvement to 
usher them to market and into the hands of 
people around the world who have long waited 
for more tools to accomplish their personal goals. 
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Understanding the genetics of human infertility 


Qing Sang’, Pierre F. Ray”, Lei Wang’* 


Reproduction involves a wide range of biological processes, including organ formation and development, 
neuroendocrine regulation, hormone production, and meiosis and mitosis. Infertility, the failure of 
reproduction, has become a major issue for human reproductive health and affects up to one in seven 
couples worldwide. Here, we review various aspects of human infertility, including etiology, mechanisms, 
and treatments, with a particular emphasis on genetics. We focus on gamete production and gamete 
quality, which is the core of successful reproduction. We also discuss future research opportunities and 
challenges to further expand our understanding of human infertility and improve patient care by 
providing precision diagnosis and personalized treatments. 


nfertility is a major health issue, estimated 

to affect ~15% of the global population (J). 

Human reproduction requires normal devel- 

opmental processes consisting of the produc- 

tion of competent gametes, fertilization, 
preimplantation embryonic development, implan- 
tation, pregnancy, and birth. Several biological 
processes, including organ formation and devel- 
opment, neuroendocrine regulation, hormone 
production, and meiosis and mitosis contribute 
to the high frequency and complex etiology of 
human infertility. Our understanding of the 
etiology of infertility has vastly improved in 
recent years, which will help to elucidate the 
pathophysiology of aberrant human reproduc- 
tion and improve precision diagnosis and per- 
sonalized treatment. 

In this Review, we highlight recent insights 
into different factors impairing reproduction, 
with a particular emphasis on the genetic fac- 
tors, and discuss the corresponding potential 
treatment strategies. Because the quality of ga- 
metes is at the core of successful reproduction, 
we mainly focuses on two interconnected as- 
pects: factors that affect gonadal function in 
producing gametes and factors that affect ga- 
mete competence. In addition, we introduce 
potential treatment strategies for improving 
gamete competence. Although other causes of 
infertility will be introduced, this Review mainly 
emphasizes advances in well-established nonsyn- 
drome phenotypes with monogenic inheritance. 


Hypothalamic-pituitary—gonadal axis 
disturbance and gonad dysfunction 


Under physiological conditions, the precise or- 
chestration of hypothalamic kisspeptin neu- 
rons and gonadotropin-releasing hormone 
(GnRH) neurons induces the secretion of follicle- 
stimulating hormone (FSH) and luteinizing hor- 
mone (LH) from the anterior pituitary, which 
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in turn initiates gonadal steroid production that 
regulates testicular development, follicular de- 
velopment, spermatogenesis, and oogenesis 
(2). Hormones produced by the gonads can then 
exert feedback effects on the hypothalamus 
and/or pituitary to adjust the concentrations 
of FSH and LH in a timely manner (Fig. 1). 
Defects at one or more levels of the 
hypothalamic-pituitary-gonadal (HPG) axis 
can cause hypogonadism, which manifests as a 
reduction in sex hormones, absent or delayed 
puberty, and abnormal spermatogenesis or ovu- 
lation. Hypogonadotropic hypogonadism refers 
to the condition of insufficient GnRH and/or 
gonadotropin release caused by dysfunction of 
the pituitary gland or the hypothalamus. Congen- 
ital hypogonadotropic hypogonadism (CHH) has 
a male predominance (male:female ratio, 3 to 5:1) 
and is called Kallmann syndrome (KS) when 
combined with anosmia (in 50% of cases), which 
results from deficient migration of GnRH neu- 
rons from the olfactory placode to the forebrain 
(3). More than 40 genes have been associated 
with the pathogenesis of the isolated form, the 
syndromic form, or both forms of CHH (4, 5). 
For example, mutant FGF8 and CHD7 affect the 
neurogenic niche of the nasal area, whereas mu- 
tant KAL1 (the first causal gene for KS, also known 
as ANOST) and PROK2 disrupt GnRH neuron 
migration (3). Mutations in GNRHI, KTSS7, and 
ISSIR influence GnRH neuron homeostasis, 
and GNRHR leads to a gonadotrope defect (4). 
Several other mutant genes that cause CHH 
were identified recently, including NDNF, which 
alters GnRH neuron migration and olfactory 
axonal projections (6); PRDM13, which disrupts 
kisspeptin neuron development (7); and NOSI, 
which leads to GnRH deficiency (8). Nitric oxide 
treatment can reverse the phenotype of Nos/ 
mutant mice, suggesting a potential therapy (8). 
In addition to point mutations in these genes, 
copy number variants and the long noncoding 
RNA RMST may also contribute to CHH (9, 10). 
Hypergonadotropic hypogonadism usually 
results from gonadal failure and the subse- 
quent loss of negative feedback from sex hor- 
mones. In males, Klinefelter syndrome (also 
known as 47,XXY) is the most common cause 


t 


of hypergonadotropic hypogonadism cies 
azoospermia, affecting one in 500 to 1000 nm... — 
(11). Klinefelter syndrome was believed to be 
caused by rare, random nondisjunction events 
occurring during meiosis with largely unknown 
molecular mechanisms. A recent study demon- 
strated that mutations in USP26 could interfere 
with the XY body (a specialized meiotic chro- 
matin domain), resulting in the production of a 
high proportion of XY aneuploid spermatozoa 
and offspring with Klinefelter syndrome (72). 
Turner syndrome (also known as 45,X), affecting 
1/2000 to 1/2500 female newborns, is character- 
ized by hypergonadotropic hypogonadism and 
a wide range of clinical symptoms, including in- 
fertility (13). The missing X chromosome induces 
haploinsufficiency in genes normally escaping 
X inactivation and epigenetic changes in others, 
leading to the vast array of symptoms observed 
in patients (13). In addition, disorders of sex de- 
velopment include gonadal dysgenesis, sex re- 
versal, and infertility, which is mainly associated 
with mutations in the genes regulating sex de- 
termination and differentiation, including SRY, 
NRSAI, WTI, and SOX9 (14). Digenic or oligogenic 
effects have also be proposed for phenotypic 
variations of disorders of sex development (15). 
Premature ovarian insufficiency (POI), de- 
fined by deficient ovarian function before the 
age of 40 years, is also usually present with 
hypergonadotropic hypogonadism. Chromo- 
some abnormalities account for ~10 to 13% of 
POI cases, whereas a premutation in the well- 
studied FMRI gene is among the most com- 
mon genetic cause of 46,XX POI (16). To date, 
>60 genes have been implicated in the devel- 
opment of POI with or without syndromic 
traits (5, 17). Most genes are involved in 
homologous recombination and DNA damage 
repair (e.g., STAG3, MCM8, MCM9, RAD51, 
and BRCAI/2), follicle activation (e.g., NOBOX 
and SOHLH)]), or follicle development and 
maturation (e.g., GDF9, BMP5, FSHR, and 
FOXL2) (16, 18). Recent cohort analyses iden- 
tified 29 POI-associated genes and several 
pathways, such as nuclear factor-«B, post- 
translational regulation, and mitophagy (19, 20), 
expanding the genetic understanding of POI. 
Polycystic ovary syndrome (PCOS), another 
kind of ovarian dysfunction, is the most common 
cause of anovulation infertility. The complex 
etiology of PCOS likely involves both genetic 
and environmental factors. Although no mono- 
genic Mendelian transmission has been found 
in PCOS, genetic association studies suggest that 
common genetic variants account for ~10% of its 
heritability (27, 22). A growing body of evidence 
suggests that the daughters of women with PCOS 
who have an excess of androgen and/or anti- 
Miillerian hormone during pregnancy present 
with a higher risk of developing PCOS them- 
selves (23, 24). PCOS inheritance thus likely 
occurs through the alteration of the genetic or 
epigenetic landscape (25), but whether these 
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changes are established in somatic or germ cells 
remains to be investigated. Recent findings also 
suggest that Bacteroides vulgatus in the gut mi- 
crobiota could induce PCOS by altering the bile 
acid-interleukin-22 (IL-22) axis, suggesting an 
important role of gut microbes in fertility (26). 


Developmentally and functionally 
incompetent gametes 
Sperm defects 


The testis is a highly specialized and efficient 
organ that normally assembles dozens of mil- 
lions of spermatozoa every day. Overall, it 
takes 74 days to obtain the final product after 
going through four different production phases, 
including mitotic replication of germ cells, 
meiosis I and II, and spermiogenesis (Fig. 2). 
Congenital cryptorchidism (undescended 
testes), one of most common congenital malfor- 
mations in boys, is associated with hypogonad- 
ism, poor semen quality, and an increased risk 
of testicular germ cell tumors. Although diseases 
and conditions affecting testicular descent are 
associated with cryptorchidism, the specific un- 
derlying causes remain to be elucidated (27). 
One type of deficit in sperm production 
relates to the quantity of sperm produced and 
includes patients with low sperm number 
(oligozoospermia) or no sperm present in the 
ejaculate (azoospermia) (Fig. 2). Anomalies in 
the cystic fibrosis transmembrane conductance 
regulator (CFTR) protein induce a thicken- 
ing of the extracellular mucus that leads to 
clogging of the vas deferens and obstructive 
azoospermia (OA) (28). Genetic defects in the 
CFTR gene are found in >80% of OA patients, 
and a second gene, ADGRG2, encoding an 
epididymis-specific transmembrane protein, 
was recently found to be mutated in a few 
subjects (29). Klinefelter syndrome and micro- 
deletions of the Y chromosome are the most 
frequent causes of non-obstructive azoospermia 
(NOA), accounting for 15 and 6.4% of patients 
with azoospermia, respectively, whereas chro- 
mosomal translocations are also correlated 
with reduced sperm count (30). Karyotype 
analysis is therefore recommended for all 
couples undergoing intracytoplasmic sperm 
injection (ICSI) (37). Whole-exome sequenc- 
ing coupled with functional studies has re- 
cently permitted the identification of numerous 
genes responsible for NOA, including synapto- 
nemal complex component-encoding genes 
(e.g., SYCEI, CI4ORF39, and STAG3), meiotic 
recombination-associated genes (e.g., TEX11 
and MSH4), and DNA repair genes (e.g., 
MEIOB and SPATA22) (32). In addition, mu- 
tations in PNLDCI and HIWT have been shown 
to be responsible for azoospermia by affecting 
Piwi-interacting RNA (piRNA) processing. 
These findings further support the emerging 
role of piRNA in male infertility (33, 34). 
Patients with abnormally formed spermatozoa 
(teratozoospermia) have been extensively 
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Fig. 1. The HPG axis and gonad function. Kisspeptin stimulates GnRH neurons to release GnRH, which 
induces the secretion of FSH and LH in the anterior pituitary gland, and these further regulate the normal function of 
ovary and testis. Hormones produced by the ovary [estradiol (E2), progesterone (P), and inhibin] or testis 
[testosterone (T) and inhibin] can exert feedback effects to adjust the amounts of FSH and LH. Genetic factors 
and hypothalamic or pituitary dysfunction can cause gonadal dysfunction by disrupting the HPG axis. 


studied, and many morphological anomalies of 
the sperm have been correlated with specific 
gene defects (Fig. 2). AURKC was the first mu- 
tant gene to be formally associated with a well- 
defined sperm phenotype, macrozoospermia, 
which is defined by the presence of spermatozoa 
with a very enlarged head and usually four 
flagella. All spermatozoa were shown to be 
blocked in meiosis I and to be tetraploid (35). 
Deficiency in DPY19L2, an anchor between 
the acrosome and the sperm nucleus, is the 
main cause for globozoospermia, which is 
characterized by round spermatozoa devoid 
of acrosomes (36). Gene defects leading to the 
presence of headless or acephalic spermatozoa 
were also identified and mainly attributed to 
SUNS and PMFBP!1, which play a role in con- 
necting the head to the flagella (37, 38). 

The other main deficit in sperm concerns its 
motility (asthenozoospermia) (Fig. 2). Abnormal- 
ities in cation channel proteins that localize to 
the flagellum of spermatozoa (CATSPERI-4) 
were found to induce asthenozoospermia (39). 
Other genes also coding for channel proteins, 
such as SLC26A8 (40), SLC9CI (41), and adenylyl 
cyclase ADCYI0O (42), were shown to be asso- 
ciated with impaired motility with no obvious 
morphological defect of the sperm. In recent 
years, many genes have been associated with 


asthenozoospermia caused by multiple morpho- 
logical anomalies of the flagella (the MMAF 
phenotype), including short, coiled, or absent 
flagella. Flagella and motile cilia are evolutionary 
conserved organelles constructed around the 
axoneme, a structure formed mainly by nine 
peripheral microtubule doublets connected by 
outer and inner dynein molecules surround- 
ing two central microtubule singlets. DNAH7, 
encoding an axonemal dynein of the inner 
dynein arms, was the first gene to be formally 
correlated with the MMAF (43). Since then, 
mutations in >20 genes have been reported to 
induce MMAF, including genes encoding the 
tether-tether head complex (e.g., CFAP43 and 
CEAP44), the radial spoke complex (e.g., WDR66), 
the intraflagellar transport complex (e.g., 7T7C29 
and CFAP69), and centrosomal protein (e.g., 
CEP135) (44, 45). 

In addition, some rare infertile men have 
no apparent defects in sperm morphology or 
number, but still show fertilization failure even 
when ICSI is performed (Fig. 2). One mecha- 
nism that is well studied in these cases relates 
to defects in PLCZ1, a sperm-borne protein that 
triggers calcium release from the oocyte endo- 
plasmic reticulum, followed by a cascade of 
molecular events referred to as oocyte activa- 
tion (46). Similarly, defects in ACTL7A, coding 
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Fig. 2. Representation of physiological and pathological spermatogenesis. 
Shown is a representation of healthy and pathological spermatogenesis. Obstructive 
azoospermia can be caused by blockage or atresia of the vas deferens, whereas 
abnormal spermatogenesis can induce a variety of sperm anomalies such as 


for an actin-like related protein, interfere with 
PLCZ1 localization and prevent fertilization of 
in vitro fertilization (IVF). ICSI could achieve 
fertilization, but was followed by early embry- 
onic arrest (47). With widely used sequencing 
technology and careful phenotyping of sperm 
defects, additional causal genes will be identified. 


Oocyte defects 


Aging is a prominent physiological factor that 
affects the developmental competence of oocytes. 
It has been suggested that meiotic segrega- 
tion errors in oocytes follow a U curve accord- 
ing to female age, which reflects women’s 
natural fertility curve peaking at ~27 years of 
age (48). In addition, ovarian aging caused by 
increased DNA damage, oxidative stress, mito- 
chondrial dysfunction, and telomere shorten- 
ing in oocytes and/or surrounding granulosa 
cells have also been related to the age-related 
decline in women’s fertility (49, 50). 

The acquisition of developmental compe- 
tence in oocytes requires normal oocyte 
nuclear and cytoplasmic maturation (57). In 
each menstrual cycle, in response to the LH 
surge, some germinal vesicle oocytes undergo 
germinal vesicle breakdown, microtubule nu- 
cleation, and spindle assembly to achieve 
chromosome segregation and the extrusion 
of the first polar body to complete nuclear 
maturation. Cytoplasmic maturation involves 
changes in organelles and cytoskeleton and 
other molecular events, preparing oocytes for 
fertilization and embryo development (Fig. 3). 
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An increasing number of genetic studies have 
recently focused on abnormalities in human 
oocytes (Fig. 3). In 2016, mutations in TUBB8, 
a primate-specific beta-tubulin, were shown to 
be responsible for oocyte nuclear maturation 
arrest by impairing spindle assembly. TUBB8 
accounts for the etiology of oocyte meiosis I 
arrest in up to 30% of patients (52). Biallelic 
variants in PATL2, coding for a putative RNA- 
binding protein regulating maternal mRNA 
homeostasis, also induce oocyte nuclear matu- 
ration arrest and female infertility (53-55). Re- 
cently, the human oocyte microtubule organizing 
center was found to be a driver for spindle as- 
sembly in human oocytes, and deficiencies in 
TACC3, the key component of this center, were 
shown to impair microtubule nucleation and 
meiotic spindle assembly, leading to nuclear 
maturation arrest (56). In addition, aberrant 
PANX1 channel activity induced by PANX7 muta- 
tions results in abnormal adenosine triphosphate 
release and oocyte death, whereas mutations 
in genes encoding the zona pellucida (ZP) pro- 
teins ZP1 to ZP3 cause abnormal ZP formation 
or oocyte degeneration and empty follicle syn- 
drome (57, 58). 

The clinical phenotypes of abnormal oocyte 
cytoplasmic maturation often manifest in 
different forms, including fertilization failure, 
zygotic cleavage failure, and early embryonic 
arrest (Fig. 3). Inactivating mutations in 
WEE2 lead to fertilization failure by disrupt- 
ing CDC2 phosphorylation, and account for 
~40% of cases of fertilization failure result- 
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Non-obstructive azoospermia, MMAF, globozoospermia, acephalic spermatozoa 
syndrome, macrozoospermia, asthenozoospermia, and fertilization failure without 
morphological anomalies. Because of the lack of space, only some examples 

of pathological genes are indicated for each anomaly. 


ing from oocyte defects (59). BTG4 and CHEK1 
are two main causative genes responsible for 
zygotic cleavage failure, impairing the pro- 
grammed decay of maternal mRNA and arrest- 
ing the G,/M transition in zygotes, respectively 
(60, 61). PADI6, encoding a subcortical ma- 
ternal complex protein, is the first mutant 
gene reported to cause early embryonic ar- 
rest (62), and anew mechanism was recently 
identified in which karyopherin a (KPNA7) 
deficiency contributes to the phenotype by 
impairing nuclear protein transport (63). Mu- 
tations in NLRP7 (occurring in 55% of pa- 
tients), TOP6BL, MEI, or REC114 can result in 
hydatidiform mole, characterized by abnor- 
mal embryonic cleavage and trophoblastic hy- 
perplasia (64, 65). There are currently >20 genes 
reported to cause female infertility from vari- 
ous kinds of oocyte defects, but these only ac- 
count for a small proportion of patients (5, 58), 
indicating that additional genes necessary to 
produce competent human oocytes are yet to 
be discovered. 


Tubal and uterine abnormalities and embryo 
implantation failure 


Favorable tubal and uterine environments are 
essential for embryo implantation and for 
the final establishment of pregnancy (Fig. 3). 
Tubal factor infertility can result from the 
blockage of fallopian tubes or the disruption of 
oocyte collection from the ovary caused by pelvic 
adhesions (66). Salpingitis, the most common 
cause of tubal defects, is a chronic inflammation 
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induced by infections, which can lead to sub- 
sequent damage of the fallopian tubes or pelvic 
tissues such as hydrosalpinx or pelvic-peritoneal 
adhesions (67). Compelling evidence has shown 
that the pathogenic bacteria Chlamydia tracho- 
matis and Neisseria gonorrhoeae are involved 
in reproductive tract infections that are mainly 
sexually transmitted, and in these cases, galectins 
may act as endogenous mediators and poten- 
tial therapeutic targets (67, 68). 

Uterine factor infertility is caused by ei- 
ther the absence of a uterus or the presence of 
a nonfunctional uterus. Mayer-Rokitansky- 
Kiister-Hauser (MRKH) syndrome, the most 
common type of congenital uterine malfor- 
mations (1/4500 to 5000), results from agen- 
esis or atresia of the uterus and/or vagina (69). 
Although a few MRKH candidate genes with 
incomplete penetrance have been reported, 
causal genetic contribution in MRKH syn- 
drome is still underestimated (70). Acquired 
factors associated with uterine abnormalities 
include uterine leiomyomas, adenomyosis, 
and polyps. Somatic mutations in MED12 and 
FH and chromosomal rearrangements of 
HMGA2 account for 90% of uterine leiomyoma 
cases (71, 72). Recent studies described that 
somatic or germline mutations in genes en- 
coding SRCAP complex proteins contribute 
to the genesis of uterine leiomyomas by dis- 
turbing H2A.Z deposition and leading to epi- 
genetic stability (72, 73). 

Endometriosis is defined by the presence 
of endometrial-like tissue outside of the uter- 
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3. Process of oocyte maturation, fertilization, embryonic develop- 
ment, and establishment of pregnancy. The oocyte undergoes nuclear 
maturation to complete meiosis | and develop into a mature egg, 

which can be fertilized in the fallopian tube. The zygote then undergoes 
several rounds of cleavage and gradually moves toward the uterus, 

e the embryo can develop into a blastocyst and implant. Abnormalities 
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ine cavity, mainly on the pelvic organs and tis- 
sues (74) (Fig. 3). One proposed mechanism 
of endometriosis is the retrograde menstru- 
ation of endometrial cells through the fal- 
lopian tubes into the peritoneal cavity, where 
they adhere to the ovaries, ligaments, and peri- 
toneal surfaces (75). Population-based genetic 
association studies and meta-analyses have 
identified 14 repeated loci of common var- 
iations in women of European and Japanese 
ancestry, and genes related to these loci are 
implicated in the etiology of endometriosis 
(76). Uncovering the functional evidence for 
the pathogenic role of these loci remains a 
challenge, and studies involving subjects of 
various ancestries should be performed. 

Recurrent implantation failure is attributed 
to low embryo quality (mainly caused by 
aneuploidies), reduced endometrial receptivity, 
and impaired embryo-endometrial cross-talk 
(77) (Fig. 3). Aberrant endometrial expression 
of BMI] (78) or HDAC3 (79) is associated with 
abnormal uterine receptivity. Proper combi- 
nations of genetically diverse maternal nat- 
ural killer cell immunoglobulin-like receptors 
and fetal human leukocyte antigen C molecules 
are important for embryo invasion (80). Re- 
cent single-cell transcriptomic analyses of 
human peri-implantation embryos (87) and 
endometrium across the menstrual cycle (82) 
provide insights into embryo-endometrial cross- 
talk and embryo implantation, and help in our 
understanding of the pathological aspects of 
recurrent implantation failure. 


Endometriosis ——— 


) 
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in oocyte or embryonic development can result in infertility, including 
nuclear maturation arrest, fertilization failure, zygotic cleavage failure, early 
embryonic developmental arrest, and hydatidiform mole. Other associated 
factors include tubal defects, uterine anomalies, implantation failure, 

and endometriosis. Some examples of pathological genes are indicated for 


Precision diagnostics and potential treatment 
strategies for human infertility 
Fertility assessment includes general physical 
examination and various specific tests such as 
hormone analysis, semen analysis, ovulation 
tests, and tubal and uterine patency evalu- 
ation (83, 84) (Fig. 4). Commonly applied in- 
fertility treatments include hormone therapy 
to induce ovulation and gonad development, 
surgery to correct tubal or uterine anomalies, 
and IVF/ICSI and testicular sperm extraction 
(TESE) to overcome some sperm defects, tubal 
or uterine defects, and unexplained infertil- 
ity (66, 84) (Fig. 4). With the proliferation of 
genetic studies, targeted gene analysis and 
whole-exome or whole-genome sequencing 
may greatly improve precision diagnostics. 
A recent study found that defects in known 
meiotic genes are always correlated with a 
negative TESE, indicating that a precise ge- 
netic diagnosis can avoid unnecessary TESE 
(85). Additional genetic diagnostics for spe- 
cific reproductive diseases and phenotypes 
are expected in the near future (Fig. 4). 
More personalized fertility treatment strat- 
egies can also be applied. For example, when 
infertility and fertilization failure are caused 
by PLCZI mutations in males, calcium ion- 
ophores and ICSI can be used directly, and 
prolonging the interval between ovulation 
triggering and oocyte pickup is effective for 
infertile females with LHCGR mutations char- 
acterized by empty follicle syndrome (86, 87). 
In addition, drug-free in vitro activation and 
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laparoscopic ovarian incision, although not 
widely applied, have been used successfully for 
treating patients with ovarian infertility (88). 
Considering that there is still a large num- 
ber of infertile patients who cannot be success- 
fully treated, exploring new treatment strategies 
is imperative. The rescue of infertile mice lack- 
ing different genes necessary for sperm produc- 
tion has been achieved using different gene 
delivery systems, resulting in live offspring (89). 
A more complex procedure involving in vitro 
culture of spermatogonial stem cells, the cor- 
rection of their TexII genetic defect by CRISPR/ 
Cas9, and successful transplantation of the 
repaired spermatogonial stem cells into the 
testes of knockout recipients to restore sper- 
matogenesis has also been tested (90). Com- 
pared with other approaches, CRISPR/Cas9 
has potential off-target effects that need to 
be further investigated. In contrast to edit- 
ing of somatic cells, gene editing in human 
gametes opens up important ethical concerns 
(91). No countries permit germline modifica- 
tions of humans, and the use of germline 
editing for research purposes is guided by 
different policies in different countries (97). 
Although there are no practicable clinical 
strategies for restoring oocyte quality, some 
possibilities have been explored (Fig. 4). For 
example, oocyte quality, embryonic develop- 
ment, and fertility can be restored by nicotin- 
amide mononucleotide treatment in aged mice 
(92). Germline nuclear transfer, including ger- 
minal vesicle, pronuclear, and spindle trans- 
fer, is a potential strategy for improving the 
meiotic competence of aged mouse and human 
oocytes (93, 94). Recent advances in human 
in vitro gametogenesis provide possibilities 
for the future treatment of patients with 
gamete abnormalities, although there are 
multiple challenges in terms of both meth- 
ods and ethics (95). A genetic correction could 
be achieved by the injection of WEE2 mRNA 
in oocytes from WEE2-deficient infertile wom- 
en, allowing them to regain normal fertiliza- 
tion and embryonic development (59). For 
oocytes with mitochondrial DNA mutations, 
mitochondrial replacement therapy by spin- 
dle transfer or a forced mitophagy approach 
provide potential strategies to prevent mi- 
tochondrial DNA diseases (96, 97). How- 
ever, further investigations are required to 
alleviate all ethical concerns and to eval- 
uate the safety of these methods for the off- 
spring. Treatment with the methyl group donor 
S-adenosylmethionine can correct transcrip- 
tomic, neuroendocrine, and metabolic defects 
in a mouse model of PCOS, thus providing po- 
tential candidates for epigenetic-based therapy 
for patients. Modifying the gut microbiota or 
the kisspeptin receptor agonist MVT-602 were 
shown to be possible treatments for PCOS 
(26, 98). In addition, an anti-IL-8 antibody 
improved inflammation and fibrosis in a 
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monkey model of endometriosis (99), sug- 
gesting a potential therapeutical strategy. 


Summary and future outlook 


Despite recent advances in our knowledge 
of the etiology of human infertility, our basic 
understanding of its complex mechanisms 
remains limited. In the era of multiple-omics 
studies, it is likely that an increasing number 
of candidate genes, proteins, and metabolites 
related to fertility will be identified by in- 
tegrating genome, transcriptome, and epige- 
nome sequencing; proteomics; and metabolic 
analysis. A variety of disease-causing variants, 
such as point mutations, structural variations, 
and noncoding RNA modification and inheri- 
tance patterns including monogenic, digenic 
and oligogenic, and microbial-host inter- 
actions will be uncovered. By using various 
models, including cell culture, in vitro embryo 
culture, genetically modified animals, and pa- 
tient in situ tissues, new mechanisms contrib- 
uting to human infertility will be systematically 
elucidated (Fig. 4). 

Some specific challenges remain to be over- 
come. Acquiring diseased reproductive or- 
gans and in situ tissues for analysis is critical 
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to comprehend the pathophysiological mech- 
anisms underlying each phenotype. The in- 
creasing numbers of IVF and ICSI attempts 
will provide great opportunities to overcome 
the constraints in acquiring gametes, cells 
in ovarian follicles (granulosa cells, cumulus 
cells, and thecal cells), and early embryos. 
Moreover, studies in other research fields 
such as organoids, pluripotent stem cell dif- 
ferentiation, and synthetic biology will cer- 
tainly provide alternative ways to further 
improve our mechanistic understanding of 
infertility. Currently, only limited numbers 
of infertile patients benefit from precision 
molecular diagnosis, which hinders disease 
classification and exploration of targeted 
treatment. With the design of large databases 
of multiple omics data with clinically well- 
characterized infertility phenotypes and ar- 
tificial intelligence applications, it can be 
expected that clinical infertility diagnosis 
will be more precise and personalized. It is 
therefore expected that comprehensive se- 
quencing and other molecular methodolo- 
gies will be widely applicable for the diagnosis 
of infertility. In addition, only very limited 
treatment strategies targeting certain kinds 
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Fig. 4. Precision diagnostics and potential treatment strategies for human infertility. Current 
diagnostics, including physical examinations, hormone analysis, and applied treatments, and bypass 
strategies, including medications, surgery, and assisted reproductive technology (ART), have greatly 
benefited many patients with infertility. Future diagnostic methods should help to optimize clinical practice 
for infertility with more precision diagnostics and targeted treatment in patients. 
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of infertility are currently applicable in clinical 


practice. The establishment of well-phenotyped 
longitudinal infertility cohorts of different ethnic 


populations integrating cutting-edge knowledge 
on drug screening, gene therapy, and in vitro 


gametogenesis will help to translate new knowl- 


edge into treatment strategies. It should be noted 
that any molecular manipulation of human 
germline cells should strictly abide by ethics 
policies for research purposes. At the same 


time, suitable policies need to be developed for 


the genetic manipulation of human germ cells 
and embryos for research purposes to develop 
personalized treatment strategies (Fig. 4). 


With these advances and endeavors, it is 


expected that many factors responsible for 
infertility will be identified, pathological mech- 
anisms of human infertility will be better under- 
stood, the clinical practice of infertility diagnosis 
will be greatly improved, and infertility pa- 
tients will finally benefit from precision diag- 
nosis and targeted treatments. 
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REVIEW 


Assisted reproductive technologies at the nexus 
of fertility treatment and disease prevention 


Mary Herbert'?**, Meenakshi Choudhary”, Deidre Zander-Fox*® 


Assisted reproductive technology (ART) refers to processing gametes in vitro and usually involves 

in vitro fertilization. Originally developed for the treatment of infertility, culture of human embryos 

in vitro also provides an opportunity to screen embryos for inherited genetic disorders of the nuclear and 
mitochondrial genomes. Progress in identifying causative genetic variants has massively increased the 
scope of preimplantation genetic testing in preventing genetic disorders. However, because ART 
procedures are not without risk of adverse maternal and child outcomes, careful consideration of the 
balance of risks and benefits is warranted. Further research on early human development will help to 


minimize risks while maximizing the benefits of ART. 


ince the groundbreaking work that led 

to the birth of the first in vitro fertiliza- 

tion (IVF) baby in 1978, an estimated 

0.1% of the global population have been 

conceived by assisted reproductive tech- 
nology (ART) (7). ART in combination with 
genetic testing of preimplantation embryos 
has also enabled the birth of healthy chil- 
dren who would otherwise be at risk of serious 
inherited congenital disorders (2). Advances 
in ART procedures combined with whole- 
genome amplification and genome-wide anal- 
ysis (3) have greatly facilitated the clinical 
application of preimplantation genetic test- 
ing (PGT). In this Review, we focus on recent 
developments and current limitations of 
ART procedures in reducing the risk of ge- 
netic disorders, including trisomy and dis- 
eases associated with pathogenic variants 
in the mitochondrial genome. We also high- 
light the importance of research on human 
embryos to better understand the effects of 
ART interventions on early development and 
on the health of ART-conceived children. 


Preimplantation genetic testing 


Until the advent of PGT, interventions to re- 
duce the risk of congenital disorders were 
limited to prenatal diagnosis followed by 
termination of an affected pregnancy. PGT 
enables identification of unaffected embryos 
from an ART-generated cohort and can be 
used to detect disease-associated nuclear 
genetic variants, inherited structural abnor- 
malities such as Robertsonian translocations, 
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and numerical chromosome abnormalities 
(aneuploidy) (4). In a more recent application, 
PGT has also been used to reduce the risk of 
disease associated with pathogenic variants in 
the mitochondrial genome (5). 

PGT is based on the principle that the 
genetic constitution of cells biopsied from the 
preimplantation embryo is representative of 
the population of cells that will eventually give 
rise to the fetus. Following fertilization, the 


“all estimated 0.1% of the 
global population have 
heen conceived by assisted 
reproductive technology.” 


single-cell zygote undergoes successive rounds 
of cell division to form totipotent blastomeres, 
which, upon differentiation, give rise to the 
embryonic and extraembryonic lineages of 
the blastocyst. The epiblast lineage contained 
within the inner cell mass contributes to all 
fetal tissues, and the outer layer of trophecto- 
derm cells forms the placenta (Fig. 1). PGT was 
initially performed on one or two blastomeres 
removed from the embryo at the six- to eight- 
cell stage. Improvements in embryo culture 
conditions and blastocyst cryopreservation 
facilitated a shift toward trophectoderm-based 
genetic analysis (4). 

Trophectoderm biopsy offers several advan- 
tages over cleavage-stage biopsy, including 
providing more DNA for genetic analysis and 
enhanced embryo viability (6). Despite evi- 
dence that trophectoderm biopsy is associated 
with an increased incidence of hypertensive 
disorders during pregnancy, adverse neonatal 
outcomes are not increased compared with 
standard intracytoplasmic sperm injection 
(ICSI) (7). However, it should be noted that 
ICSI is associated with an increased risk of 
adverse maternal and child outcomes com- 
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pared with natural conception (8, 9). Thus Chee 
use of PGT for otherwise fertile people \-—— 
rants careful consideration of the balance of 
risks and benefits. 


PGT for nuclear-encoded genetic disorders 


Initially used to detect sex-linked disorders, 
PGT is now widely used to screen for mono- 
genic diseases, most prominently cystic fibrosis, 
sickle cell anemia, thalassemia, and Huntington’s 
disease (2, 10). Rapid progress in identifying 
causative variants for a large fraction of the 
~7000 known monogenic disorders (17) has 
massively increased the scope of PGT in pre- 
venting rare monogenic diseases estimated to 
affect 1 in 50 individuals (11). Beyond testing in 
cases with a family history of disease, PGT can 
be further extended by proactive approaches, 
such as a recent Australian initiative, called 
Mackenzie’s Mission, to perform carrier screen- 
ing for 750 serious childhood-onset genetic 
conditions. Of the 5000 couples screened thus 
far through Mackenzie’s Mission, 1.9% were 
determined to be at risk of having a child with 
a serious genetic condition (72). 

Although the logic for PGT in preventing 
monogenic disorders is very clear, the recent 
use of PGT to predict the risk of common poly- 
genic diseases such as type 2 diabetes and car- 
diovascular disease (73) is controversial. Genetic 
predisposition to such conditions can be re- 
flected in polygenic risk scores encompassing 
combinations of many variants across the ge- 
nome (13). Whereas polygenic risk scoring mod- 
els are considered useful in informing clinical 
care and public health policy, their use for 
embryo selection has raised several concerns 
(14, 15). Chief among these is the fact that an 
individual’s risk of developing a condition such 
as cardiovascular disease or type 2 diabetes is 
determined by environmental and lifestyle fac- 
tors in combination with genetic variation. In 
addition, current polygenic risk scoring mod- 
els are based largely on data from people of 
European ancestry, and their validity across 
diverse populations is questionable (14, 15). 


PGT for chromosomal abnormalities 


PGT for aneuploidy screening (PGT-A) was 
originally used to reduce the risk of miscarriage 
and congenital disorders (such as Down syn- 
drome and Edwards syndrome) due to trisomy 
(2). Trisomy in the fertilized egg is predomi- 
nantly of maternal origin and arises during the 
meiotic divisions, which generate a haploid 
maternal genome from the diploid oocyte (16). 
Because the incidence of trisomy increases 
as women approach their late 30s (16), PGT- 
A was primarily targeted at older women 
undergoing ART treatment. This screening 
was initially based on the use of fluorescence- 
labeled probes to detect error-prone chromo- 
somes such as 13, 16, 18, 21, and X (2), but the 
advent of comparative genomic hybridization 
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Fig. 1. Preimplantation development of human embryos and the fate of the trophectoderm and epiblast cells. 


(CGH) and, more recently, next-generation se- 
quencing (NGS) made it possible to detect 
copy number variation across all chromo- 
somes (3, 10). This advance heralded the use 
of PGT-A to improve ART outcomes, irrespec- 
tive of a woman’s age, by identifying euploid 
embryos. Although there is a lack of consen- 
sus as to the benefits (10), a recurring theme, 
including from a multicenter clinical trial, is 
that while PGT-A reduces the time to preg- 
nancy for older women, it also reduces the 
chance of live birth per ART cycle for younger 
women (7). 

Key to understanding the limitations of 
PGT-A is the question of whether biopsied 
trophectoderm cells accurately reflect the 
chromosomal constitution of the epiblast cells 
destined to give rise to the fetus. Because an- 
euploidy of meiotic origin is expected to be 
present in all cells, a diagnosis of euploidy in 
the sampled trophectoderm cells is indicative 
of an error-free meiosis. However, interpreta- 
tion of aneuploidy in some or all of the sam- 
pled trophectoderm cells is complicated by 
a high incidence of chromosome segregation 
errors during the mitotic divisions of the 
embryo (18). The number of cells affected 
by aneuploidy of mitotic origin depends on 
when during development the missegrega- 
tion event occurred. Moreover, concordance 
between sampled trophectoderm cells and 
the epiblast lineage depends on a shared 
progenitor without subsequent chromosome 
segregation errors. Thus, detection of aneu- 
ploidy in a sample of trophectoderm cells 
does not necessarily imply aneuploidy in cells 
of the epiblast lineage. This raises the question 
of whether the ~30% of PGT-A cases deemed 
to have no embryos suitable for transfer (79) 
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may be deprived of a chance at pregnancy 
owing to misdiagnosis. Consistent with this, a 
growing body of evidence indicates that the 
presence of mosaicism (a mix of euploid and 
aneuploid cells) in the trophectoderm biopsy 
is compatible with pregnancy and euploid 
live births (20, 27). 

Although the efficacy of PGT-A in improving 
pregnancy and live birth rates is contentious, 
the rationale for reducing the risk of maternal- 
origin trisomy remains compelling, especially 
in view of the ever-increasing numbers of older 
women undergoing ART treatment. Before the 
practice of trophectoderm biopsy came to 
prominence, a number of studies reported 
promising findings from genetic analysis of 
polar bodies (22-24). Because polar bodies 
are the nonviable products of female meiosis 
(Fig. 1), they offer a proximal readout of errors 
during both meiotic divisions with the poten- 
tial added advantage of avoiding adverse out- 
comes associated with removal of cells at later 
stages of development (7). A clinical trial to test 
the efficacy of polar body analysis indicated 
that the miscarriage rate was halved (25). The 
live birth rate was equivalent to that of un- 
tested controls; however, success was hampered 
by failure to obtain a genetic diagnosis in 21% of 
cases using array-CGH (25). A subsequent study 
reported promising findings on diagnostic yield 
and accuracy using NGS combined with a 
modified procedure to reduce DNA ampli- 
fication errors (24). Polar body-based analy- 
sis could be further optimized by research to 
determine the optimal timing of removal of 
the first and second polar bodies. Genetic 
analysis of polar bodies therefore offers a 
minimally invasive approach to detecting 
maternal-origin trisomy for at-risk groups, 
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without the confounding effects of chromosome 
segregation errors arising during the mitotic 
divisions of the embryo. 


PGT to prevent inherited 
mitochondrial disease 


Whereas PGT is conventionally used to detect 
abnormalities of the nuclear genome, it has 
more recently been used to detect pathogenic 
variants in the mitochondrial genome. Path- 
ogenic mitochondrial DNA (mtDNA) variants 
are associated with a broad spectrum of dis- 
ease symptoms estimated to affect ~1 in 5000 
individuals, which in the most severe cases 
result in death in the first years of life (26). 
MtDNA is maternally inherited, and in most 
cases pathogenic variants coexist with wild- 
type mtDNA, resulting in heteroplasmy. Wide 
variation in variant load between oocytes 
from the same woman makes it very difficult 
to predict the risk of disease. In such cases, 
PGT can be used to identify embryos with 
variant loads below the threshold for disease 
symptoms (5). 

The success of PGT in reducing risk of 
mtDNA disease depends on the mutation 
load in sampled cells being representative 
of the rest of the embryo. Evidence across a 
range of inherited mtDNA mutations indi- 
cates little variation in heteroplasmy levels 
between blastomeres of cleavage-stage em- 
bryos (5, 27). PGT for mtDNA disease is large- 
ly based on testing blastomeres biopsied at 
the six- to eight-cell stage. Whereas embryo 
viability may be improved by performing 
trophectoderm-based testing (6), a discrep- 
ancy in child heteroplasmy levels between two 
different laboratories (28, 29) raised some 
doubt about the reliability of trophectoderm 
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biopsy. Further investigation will be needed 
to ensure that access to PGT treatment for 
affected families is not hindered by technical 
issues related to the biopsy stage or quanti- 
fication of mtDNA heteroplasmy. 


Mitochondrial replacement to reduce 
transmission of mtDNA mutations 


Mitochondrial replacement technology (MRT) 
has the potential to reduce transmission of 
pathogenic mtDNA variants in cases where all 
available embryos contain high variant loads. 
Notably, some pathogenic variants are typi- 
cally homoplasmic (present in all copies of 
mtDNA). Because homoplasmic variants are 
characterized by variable disease penetrance 
(30), an unaffected woman may have a child 
who develops severe disease. 

MRT involves removing the nuclear genome 
from the egg of a woman who carries a path- 
ogenic variant and fusing it with an enucleated 
egg from an unaffected donor (37). The pro- 
cedure can be performed before fertiliza- 
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tion when the egg is arrested at metaphase 
of meiosis II, or after sperm entry when the 
parental genomes become encapsulated in 
pronuclei (Fig. 2). MRT effectively replaces 
maternal mitochondria together with all 
other cytoplasmic components. However, 
some maternal mitochondria are unavoidably 
cotransferred along with the nuclear genome. 
Despite accounting for a small fraction of the 
mtDNA of MRT-generated embryos, cotrans- 
ferred mitochondria can come to prominence, 
resulting in complete reversion to the mater- 
nal mitochondrial genome in a minority of 
embryonic stem cell lines derived from MRT 
embryos (32). Although complete mitochon- 
drial genome reversion has not been observed 
during development in vivo, animal studies 
indicate that MRT-induced heteroplasmy can 
vary between different organ systems (33). 
Moreover, a recent report in which MRT was 
used for infertility treatment (see the section 
below) indicates that one in six babies had 
elevated (40%) heteroplasmy for maternal 
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mtDNA in peripheral blood, despite very low 
levels in tested trophectoderm cells. These 
findings suggest unequal segregation and/or 
preferential replication of maternal mtDNA 
during development. 

Bridging the gap between risk reduction 
and disease prevention will require the devel- 
opment of adjunct technologies to minimize 
MRT-induced heteroplasmy. In principle, this 
could be accomplished using targeted nucleases 
to linearize the circular molecule of mtDNA, 
which results in its rapid degradation (34). 
An alternative approach would be to deploy 
the molecular machinery of autophagy or 
mitophagy to induce selective degradation of 
maternal mitochondria. In support of this, 
ectopic expression of an autophagy receptor 
fused to an outer mitochondrial membrane- 
targeting sequence has been reported to reduce 
MRT-induced heteroplasmy (35). However, 
safe clinical application will require strategies 
to avoid unintended degradation of donor 
mitochondria. 

While ongoing research is focused on ad- 
dressing the technical limitations, a clinical 
study to determine the efficacy of MRT is 
currently underway in the UK, and a live 
birth with low levels of heteroplasmy for a 
pathogenic mtDNA variant has been reported 
(32). Follow-up studies in children born after 
MRT will be essential for continued evalua- 
tion of safety and efficacy. In the meantime, a 
cautious approach is warranted, and MRT 
should be offered only in cases where PGT in 
unlikely to be effective. 


Mitochondrial replacement for the treatment 
of infertility 


MRT has been legalized solely for the purpose 
of reducing transmission of mtDNA disease in 
the UK and, more recently, in Australia. How- 
ever, a recent report on the use of MRT for 
infertility treatment indicated that MRT by 
spindle transfer resulted in successful out- 
comes in cases with a history of numerous 
failed ART cycles (36). Thus, transplanta- 
tion of the egg’s nuclear genome to a donor 
cytoplasm may compensate for deficiencies 
in organelle function and/or in the stockpile 
of maternal transcripts on which the early 
embryo relies. Consistent with this idea, it has 
been reported that spindle transfer rescues 
developmental arrest in mouse embryos (37). 
With the exception of one case in which 40% 
heteroplasmy for maternal mtDNA was de- 
tected in peripheral blood (discussed in the 
previous section), babies born after MRT for 
infertility treatment had low levels of hetero- 
plasmy for maternal mtDNA, and no devel- 
opmental abnormalities were detected during 
follow-up (36). 

It should be noted that MRT is unlikely to be 
effective in reversing the female age-related 
increase in oocyte aneuploidy. Aneuploidy due 
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to errors during meiosis I is already present by 
the time the spindle transfer is performed. 
Moreover, age-related errors during the sec- 
ond meiotic division predominantly involve 
prematurely separated sister chromatids (16). 
Cohesion between sister chromatids cannot 
be restored by performing spindle transfer. 
Indeed, the presence of prematurely sep- 
arated chromatids may render oocytes more 
vulnerable to chromosome loss during the 
spindle transfer procedure. 


Risk of adverse outcomes after ART treatment 


While ART treatments continue to be of 
enormous benefit to human health and well- 
being, the procedures themselves are not 
without risk. Progress in understanding ART- 
related risk has been hampered by confound- 
ing effects of subfertility on maternal and 
child outcomes. However, a clearer picture 
of the ART-specific effects is emerging from 
real-world population studies in which preg- 
nancy and birth outcomes are compared 
among cases of subfertility in which con- 
ception was achieved with or without ART 
(8, 9). While there are caveats related to the 
severity of subfertility, the evidence suggests 
that ART procedures contribute indepen- 
dently to placentation abnormalities (9) and a 
marginal increase in adverse child outcomes 
(8). The reported incidence of nonchromosomal 
birth anomalies after natural conception in 
cases of subfertility is 2.0% compared with 
up to 2.5% after ART treatment (8), and it has 
been proposed that this may be related to ART- 
associated placentation abnormalities (38). 
Further analysis of real-world population 
data to investigate ART procedure-specific 
effects is needed to inform the assessment of 
risk relative to proposed benefits of complex 
ART interventions. 


Outlook 


ART has enabled millions of people across the 
globe to have children and to avoid transmis- 
sion of genetic disorders. The potential for 
preventing diseases is greatly enhanced by 
recent progress in identifying causative var- 
iants of thousands of monogenic diseases 
(11). In relation to difficulty in interpreting 
trophectoderm-based aneuploidy screening 
for maternal-origin trisomy, the validated 
technique of polar body testing (22-25) avoids 
confounding effects of mitotic errors by di- 
rectly analyzing the products of female meiosis. 
The benefit of an unambiguous diagnosis for 
at-risk women should not be underestimated 
when considering appropriate metrics of suc- 
cess. In cases where all eggs are aneuploid, a 
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clear diagnosis would help women to avoid 
undergoing multiple futile and costly ART 
treatment cycles. 

The use of ART procedures to reduce 
transmission of pathogenic variants in the 
mitochondrial genome offers hope to fam- 
ilies affected by otherwise incurable disease. 
PGT has been used successfully to reduce the 
risk of mtDNA disease by identifying em- 
bryos with low variant loads (39). In cases 
where all embryos carry high levels of a 
pathogenic variant, recently developed MRT 
procedures can be used to reduce transmis- 
sion (32). However, MRT may not be effective 
in all cases owing to the potential for resur- 
gence of the maternal mitochondrial genome 
(32). Further research is required to under- 
stand the underlying causes and develop miti- 
gation strategies. In the meantime, it will be 
important to counsel prospective patients that 
MRT cannot guarantee disease prevention. 
Moreover, given the invasive nature of MRT 
treatments, it will be important to define 
criteria for the use of MRT in the treatment 
of infertility. The rapidly advancing fields 
of single-cell transcriptomic and proteomic 
analysis provide an opportunity for im- 
proved diagnostics to underpin targeted 
clinical application of MRT for the treat- 
ment of infertility. 

Finally, research on the earliest stages of 
human development will help to maximize the 
considerable benefits of ART while minimiz- 
ing the risks. Exciting developments in stem 
cell-derived embryo models offer a powerful 
tool for investigating human embryogenesis, 
pregnancy loss, and early developmental anom- 
alies (40). However, these models do not 
recapitulate the very earliest stages of human 
development. Progress on this front neces- 
sitates creation of human embryos specif- 
ically for research. Thanks to the brave and 
pioneering work of Anne McLaren and Mary 
Warnock (41), the legal and regulatory frame- 
work in the UK demonstrates that this type of 
research can be conducted within a robust 
regulatory environment. However, the cre- 
ation of embryos for research is permitted in 
surprisingly few countries. In addition, many 
major research funding bodies have a blanket 
ban on funding research involving human 
embryos. Given progress toward validation of 
low-cost ART approaches to increase global 
access (42), it is estimated that ART-conceived 
children will account for 3.5% of the global 
population by the end of the century (7). With 
this in mind, it is perhaps time to reframe the 
ethical debate in terms of safeguarding the 
health of future generations. 
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EDITORIAL 


UK science during rapid change 


hen Ottoline Leyser was appointed as the 
chief executive of UK Research and Innova- 
tion (UKRI) in 2020, she acquired a front- 
row seat for some extraordinary events in 
United Kingdom and European politics. 
She took charge of UKRI—which was forged 
from multiple agencies to unify government- 
funded research in all fields—after Brexit and during 
a time of bold moves in the reorganization of science 
in the UK, continuous turnover in the UK government, 
and formidable challenges in coordinating with Euro- 
pean science. She sat down with me for a candid talk 
about these matters and a refreshing willingness to ex- 
plain the issues. 

With all of the turmoil in the UK government in re- 
cent years, Leyser already has worked for five secretar- 
ies of state and has been part of yet 
another reorganization earlier this 
year to form a new Department for 
Science, Innovation and ‘Technol- 
ogy (DSIT) led by Michelle Donelan 
as DSIT Secretary of State. Like the 
Director of the Office of Science, 
Technology, and Policy (OSTP) in the 
United States, Donelan fills a cabinet 
position. This change generally has 
been well received by the scientific 
community, although it is unknown 
whether it will survive the next gen- 
eral election if the Labour Party wins 
control of the government. Fortu- 
nately, unlike the Senate-approved 
position of OSTP director in the 
United States, Leyser’s appointment is through a public 
process. Therefore, she retains her position even when a 
new government takes over. “A key part of my role,” she 
said, “is to ensure that the UK’s research and innovation 
system is healthy in 20 years’ time, as well as in 1 year’s 
time.” That’s an enviable contrast to the “what-have-you- 
done-for-me-lately” cycle of congressional hearings and 
political churn in the United States. 

The hottest issue for Leyser and her colleagues in gov- 
ernment science roles is the association of the UK with 
Horizon Europe, the main source of research funding in 
the European Union (EU). Prior to Brexit, UK scientists 
could acquire funding for collaborations with scientists 
in the predecessor to Horizon Europe, Horizon 2020. 
The UK set aside funding, including £6 billion over its 
first 3 years, to continue these collaborations post-Brexit, 
but the association was precluded because the EU de- 


“There is...a 
huge desire to 
maintain...strong 


collaborations 
with Europe...” 


Ottoline Leyser, 
Chief executive of UKRI 


cided not to explore this relationship until the EU-UK 
Trade and Cooperation Agreement governing Brexit in- 
cluded terms outlining trade with Northern Ireland. The 
2021-2022 funds were returned to the treasury, eliciting 
howls from scientists who worried that this support for 
UK science was lost. Fortunately, in February, UK Prime 
Minister Rishi Sunak and President of the European 
Commission Ursula von der Leyen reached an agreement 
on trade, called the Windsor Framework. 

This agreement has opened the door for continuing 
EU-UK research interaction. Still, according to Leyser, 
hurdles remain, primarily regarding the amount the 
UK should pay to associate, given that the programme 
has been running for more than 2 years. Scientific lead- 
ers are hoping for the UK’s entry into Horizon Europe, 
but even with the start of negotiations in Brussels last 
week over the UK’s participation in 
EU research, Michelle Donelan said 
that there must be a “Plan B” in 
case of a breakdown. The UK’s Plan 
B, called the Pioneer program, was 
also unveiled last week, and allots 
£14.6 billion over 7 years to fund re- 
search in the UK as well as support 
international collaborations. 

Despite lingering uncertainties, 
Leyser sees a silver lining to all of 
this. “I’ve been pleasantly surprised 
by how much wide press interest 
there’s been in the UK’s association 
to Horizon Europe,” she said, “and I 
think it signals a much wider, very 
positive trend of real and deep inter- 
est in research and innovation across the UK system.” 

Leyser is not afraid to be outspoken about the ben- 
efits of a strong EU-UK research association, despite 
the fact that her first two prime ministers and many 
current members of the UK government are hard-core 
Brexiteers who proclaimed that the UK would be a sci- 
entific superpower while they simultaneously opposed 
a Northern Ireland agreement that would have allowed 
scientific collaboration. She told me, “There is...a huge 
desire to maintain those really close strong collabo- 
rations with Europe to be part of the world’s biggest 
research and innovation program and to be able to col- 
laborate and work in a common framework with our 
European colleagues.” At a time when research around 
the world is becoming dangerously and increasingly na- 
tionalized, these are welcome words. 

-H. Holden Thorp 
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to get a safe and effective drug off the market. 99 upd 


University of Pittsburgh law professor Greer Donley, in STAT, about a U.S. District Court ruling 
invalidating the 2000 decision by the U.S. Food and Drug Administration to approve the abortion 
pill mifepristone. The ruling cited safety concerns, although multiple studies have found the pill safe. 
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A space-based sensor will provide a fine-grained portrait of North America’s smog, such as in Mexico City. 


REMOTE SENSING 


Satellites will offer details of air pollution 


orth America will soon get a near-constant, close-up view of its 
air pollution, courtesy of satellite-borne instruments that in- 
clude one launched last week. NASA’s Tropospheric Emissions 
Monitoring of Pollution (TEMPO) instrument, riding aboard a 
commercial communications satellite, will hover 36,000 kilo- 
meters above Earth. From its geostationary orbit, matching 
Earth’s rotation, the instrument will enable scientists to make detailed 
hourly scans of air pollution across the continent, from the oil fields of 
northern Canada to the skyscrapers of Mexico City. TEMPO can identify 
the distinct, telltale pattern of light reflected by each of several types 
of air pollutants, including gases such as ozone, nitrogen dioxide, sul- 
fur dioxide, and bromine, as well as tiny bits of soot. Scientists say the 
instrument, along with a sibling satellite launched by South Korea in 
2020 and another scheduled for launch by European countries in 2024, 
will be a substantial improvement over the once-a-day images they get 
now from other satellites. The new instruments could help researchers 
and regulators zero in on key pollution sources, better model how pol- 
lution moves through a region, and identify overlooked hot spots. 
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U.S. reboots coronavirus research 


PUBLIC HEALTH | President Joe Biden’s 
administration said this week it plans 

to spend more than $5 billion to stoke 
development of better coronavirus vaccines 
and treatments to curb future pandemics. 
Like Operation Warp Speed, its predeces- 
sor during the administration of former 
President Donald Trump, the new program, 
Project NextGen, will rely on public-private 
partnerships, The Washington Post reported. 
Its top goals include devising upgraded 
monoclonal antibodies to replace once- 
potent varieties whose effectiveness against 
the latest SARS-CoV-2 variants has waned. 
Another goal is to produce nasal vaccines 
that prompt immune responses within the 
body’s mucosal linings, potentially eliciting 
a stronger defense than shots in the arm. 
The program will also aim to create vaccines 
against multiple types of coronaviruses. 


Lab gear has a heavy carbon cost 


SCIENTIFIC COMMUNITY | The energy 
required to make and transport lab 
equipment, from centrifuges to mass spec- 
trometers, and provide support services 
accounts for more than half the carbon 
emissions associated with research labora- 
tories, according to a preprint study. The 
resulting carbon footprint was three times 
greater than that linked with conference 
travel, normal commuting, or heating, says 
the analysis, posted last week on the bioRxiv 
server. Its authors examined purchases by 
more than 100 laboratories in France and 
estimated the per capita emissions connected 
with various items. They also suggest ways to 
reduce a research group’s carbon footprint. 
Staff members could repair existing equip- 
ment to maximize its lifespan, for example. 
Duplication of equipment could be avoided 
by concentrating it at regional or national 
research centers. Researchers could use glass- 
ware instead of disposable plastics. 


China blocks key databases 


RESEARCH SECURITY | A Chinese company 
has suspended access to four databases 
widely used by China scholars worldwide 
because of a new security law that restricts 
the dissemination of data outside the 
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Storied accelerator to test chips 


he world’s first superconducting cyclotron will receive 

a new lease on life testing next-generation microchips, 

Michigan State University’s Facility for Rare Isotope 

Beams (FRIB) announced last week. From 1982 to 2020, 

the K-500 cyclotron produced beams of atomic nuclei 
ranging from hydrogen to uranium for experiments in nuclear 
physics, relying on superconducting magnets to confine the 


particles. Last year, the cyclotron was replaced by FRIB’s new, 
more powerful, $730 million linear accelerator. Typically, old 
particle accelerators are demolished or employed to feed their 
bigger successors. But thanks to a $14 million grant from the 
Department of Defense, the refurbished K-500 will irradiate 
chips to see how they perform under challenging conditions 
resembling those in space. 


Arefurbished accelerator at Michigan State University will help ease a shortage in U.S. facilities for testing microelectronics. 


country. The move by the China National 
Knowledge Infrastructure (CNKD), which took 
effect on 1 April, covers databases holding 
national census information, dissertations, 
governmental statistical yearbooks, and con- 
ference proceedings. Its separate Academic 
Journals Database, which offers the full text 
of millions of papers in both Chinese and 
English representing more than 90% of the 
country’s scholarly publications, remains 
available. In December 2022, Chinese 
authorities slapped CNKI with an 87.6 million 
yuan ($13 million) fine for charging unfairly 
high prices. The company was instructed to 
reform its monopolistic behavior. 


Hydro authority to return remains 


ANTHROPOLOGY | The Tennessee Valley 
Authority (TVA) says it intends to repatri- 

ate the remains of nearly 5000 Native 
Americans whose graves were excavated 
during dam-building projects in several states 
from the 1930s to the 1970s. The federally 
owned hydroelectric utility also said in last 
month’s announcement that it will return to 
tribal nations thousands of funerary objects 
also taken during excavations. Many tribal 
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advocates have complained that institutions 
across the United States have been too slow 
in returning Native American remains and 
artifacts, in violation of the 1990 Native 
American Graves Protection and Repatriation 
Act. As of 2022, 108,000 sets of remains were 
being held by museums, universities, and 
federal agencies, according to the National 
Park Service. Since 2011, TVA has returned 
more than 9000 sets of remains. 


Genentech finds no fraud inquiry 


RESEARCH INTEGRITY | Genentech has 
found no evidence that its employees 
alleged or investigated possible research 
fraud involving a 2009 Nature paper co- 
authored by Stanford University’s president, 
neuroscientist Marc Tessier-Lavigne, 
contrary to allegations in a February article 
in the university’s student newspaper. 
Tessier-Lavigne worked at the company at 
the time; he has led Stanford since 2016. 
Genentech last week summarized the 
results of an investigation by its legal team, 
which interviewed more than 35 current 
and former employees. The probe did find 
that the Nature paper contains duplicate 


or composite images. Genentech’s sum- 
mary also describes a frustrating and failed 
3-year effort by Genentech scientists to 
replicate key results from the paper, which 
suggested a new mechanism for neuro- 
degeneration in Alzheimer’s disease. One 
senior Genentech official wanted the paper 
retracted or corrected. Stanford’s board has 
been investigating possible misconduct in 
other papers authored by Tessier-Lavigne 
before he became Stanford’s president. 


900 


Home runs in Major League 
Baseball since 2010 attributed to 
anthropogenic global warming. 
Warmer air is less dense, allowing 
balls to travel further. But changes 
in hitters’ strategies and balls’ 
stitching account for most of the big 
increase in home runs during 
that period. (Bulletin of the American 
Meteorological Society) 
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Dwindling sea ice may speed 
melting of Antarctic glaciers 


Expanded Ross Gyre would unleash warm... 
water and disrupt ocean “conveyor belt” 


By Paul Voosen 


n February, on an icebreaker off the 

coast of West Antarctica, Robert Larter, 

a marine geophysicist with the British 

Antarctic Survey (BAS), came on deck to 

a startling sight: open gray water as far 

as the eye could see. There was no ice at 
all for the ship to break. The next day, satel- 
lite surveys would find sea ice around the 
continent hitting a record low. 

Unlike fast-shrinking Arctic sea ice, the sea 
ice ringing Antarctica seemed more resistant 
to climate change—until recently. But now 
a long-term decline may have set in, and it 
could have unexpected and ominous domino 
effects, according to several recent studies. 
Dwindling sea ice could strengthen a whirl- 
ing current called the Ross Gyre, bringing 
warm waters closer to land and hastening 
the collapse of the West Antarctic ice sheet, 
which locks up enough water to raise global 
sea levels by 3.3 meters. The warmer water 
and glacial melt expected from a stronger 
gyre already show hints of slowing part of 
the global ocean’s overturning circulation, a 
critical “conveyor belt” of currents that dis- 
tributes heat and removes carbon dioxide 
from the atmosphere. “These are pretty grim 
predictions,” Larter says. “There are a lot of 
bad consequences if we really are on a down- 
ward sea ice trend.” 
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Although climate models predict an even- 
tual decline in Antarctic sea ice, the ice cover 
was actually expanding slightly until a decade 
ago. Then from 2014 to 2017, the ice began to 
vanish rapidly, losing more in 3 years than 
the Arctic had lost in 3 decades, says Claire 
Parkinson, a climatologist at NASA’s Goddard 
Space Flight Center. “It was just astonishing.” 
The ice rebounded for a few years, then re- 
sumed its downward march, reaching record 
lows last year and again this year. 

This erratic behavior makes it difficult to 
know whether the ice’s long-term decline 
has begun in earnest, says Clare Eayrs, a sea 
ice researcher at the Korea Polar Research 
Institute. “There has been substantial vari- 
ability in total Antarctic sea ice over the 
last decade,” she says. “We don’t know yet 
why this is.” Short-term climate swings like 
El Nifo and fluctuations in the Southern 
Ocean’s roaring winds are probably play- 
ing a role, she says. But in some regions— 
including the seas off West Antarctica—a 
decline is already unmistakable. 

In these waters, hidden beneath sea ice, 
spins the 1000-kilometer-wide Ross Gyre, 
fed by warm currents from farther north. 
Felipe Gomez Valdivia, a physical oceano- 
grapher at BAS, and his colleagues wanted 
to find out how declining sea ice might af- 
fect the gyre. Using the UK Earth System 
Model, a next-generation climate model, 


In February, the seas west of the Antarctic Peninsula 
held almost no ice—a sign of a long-term decline. 


they found that as sea ice thinned, the force 
of surface winds on newly exposed water 
strengthened the gyre and expanded it, ac- 
cording to a study published last month in 
Geophysical Research Letters. The larger 
gyre brought warm water closer to the gla- 
ciers of West Antarctica, which spill out into 
the ocean as ice shelves and are vulnerable 
to melting from below. Within 30 years of 
its expansion, the gyre could warm the wa- 
ters beneath the glaciers by 1°C, Valdivia 
says—an unprecedented heat wave that 
would accelerate erosion of the ice. 

Most alarming, the gyre expanded even 
in scenarios where greenhouse emissions 
dropped and climate warming slowed. As 
soon as the sea ice started to decline in the 
model, the expansion occurred. “It’s kind of 
out of control now because of what humans 
have already done,” Larter says. 

Although it is only a single model result, 
the expansion makes physical sense, says 
Tiago Dotto, a physical oceanographer at 
the U.K-’s National Oceanography Centre. 
This “could play a significant role on the ice 
shelf melting in West Antarctica,’ he says. 
It’s quite possible the expansion has already 
begun: Work from several years ago showed 
that a strengthening gyre could have con- 
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tributed to part of the 0.3°C of warming re- 
corded in waters under the ice shelves over 
the past 20 years. 

As the gyre expands, it would also send 
warm water and freshwater from the melt- 
ing glaciers away from the ice shelves and 
toward the Ross Sea, where they could 
disrupt a process called bottom water 
formation. Sea ice continually forms and 
blows away in the Ross Sea. Enriched in 
salt expelled by the ice and exposed to the 
frigid wind, the surface waters grow heavy 
enough to sink into the abyss. This bottom 
water “factory” is one of the engines for the 
global overturning circulation, the large- 
scale flows that shuttle heat and nutrients 
throughout the world’s ocean basins, while 
also sequestering carbon dioxide in the 
deep sea. 

Arrays of robotic Deep Argo floats, which 
sink into the depths and then surface to 
transmit data, have found that these bot- 
tom waters have started to warm, according 
to a study published last year. Moreover, a 
63-year record from the Ross Sea, also pub- 
lished in 2022, found that waters close to 
the surface had steadily become less dense. 
Both effects could contribute to the falter- 
ing of the bottom-water factory and the 
overturning circulation, Dotto says. 

Oceanographers have similar worries 
about a more famous part of the overturn- 
ing circulation, in the Atlantic Ocean, but 
they have not yet detected any weakening 
in modern observations. But the change in 
the Southern Ocean is clear, says Sang-Ki 
Lee, a physical oceanographer at the Na- 
tional Oceanic and Atmospheric Admin- 
istration’s Atlantic Oceanographic and 
Meteorological Laboratory. Using a climate 
model calibrated by historical ocean mea- 
surements, Lee and his colleagues found 
that the lower part of the overturning cir- 
culation has weakened by up to 20% since 
the 1970s, according to a paper published 
last month in Communications Earth & 
Environment. “This is not something that 
happened suddenly,” Lee says. “It gradually 
happened.” 

As sea ice declines and the gyre ex- 
pands, Antarctic bottom water formation 
could slow further. Late last month in 
Nature, a group led by Qian Li, a physical 
oceanographer at the Massachusetts Insti- 
tute of Technology, published a new high- 
resolution ocean model predicting that, by 
2050, the lower cell of the overturning cir- 
culation will have weakened by 40% from 
present times due to increased meltwater. 
And that means the ocean’s ability to miti- 
gate climate change by soaking up nearly 
one-third of humanity’s annual carbon 
emissions could falter as well, Lee says. 
“That capacity is reducing.” & 
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An ancient bacterial gene set 
the stage for human sight 


Some 500 million years ago, early vertebrates acquired 
bacterial DNA that gave rise to a key vision gene 


By Elizabeth Pennisi 


he eye is so complex that even Charles 

Darwin was at a loss to explain how 

it could have arisen. Now, it turns out 

that the evolution of the vertebrate eye 

got an unexpected boost—from bacte- 

ria, which contributed a key gene in- 
volved in the retina’s response to light. The 
work, reported this week in the Proceedings 
of the National Academy of Sciences, drives 
home the evolutionary importance of genes 
borrowed from other species. 

Bacteria are known to readily swap genes 
with one another, but vertebrates, too, can in- 
corporate microbial genes. When the human 
genome was first sequenced in 2001, scien- 
tists thought it contained about 200 bacteria- 
derived genes, though many of these turned 
out to be the result 
of contamination. 

Hoping to improve 
on those earlier efforts, 
Matthew Daugherty, a 
biochemist at the Uni- 
versity of California, San 
Diego, and colleagues 
used computer software 
to trace the evolution 
of hundreds of human 
genes by searching for 
similar sequences in 
other species. Genes that 
seemed to have appeared first in vertebrates 
and had no predecessors in earlier animals 
were good candidates for having jumped 
from bacteria, particularly if they had coun- 
terparts in modern microbes. Among the 
dozens of potentially alien genes, one “blew 
me away,’ Daugherty recalls. 

The gene, called JRBP (interphotoreceptor 
retinoid-binding protein), was already known 
to be important for seeing. The protein it en- 
codes resides in the space between the retina 
and the retinal pigment epithelium, a thin 
layer of cells overlying the retina. 

When light hits a light-sensitive photo- 
receptor in the retina of the vertebrate eye, 
vitamin A complexes become kinked, setting 
off an electrical pulse that activates the op- 
tic nerve. JRBP then shifts these molecules 
to the epithelium to be unkinked. Finally, it 


A bacterial gene helps make vertebrate 
vision possible. 


shuttles the restored molecules back to the 
photoreceptor. “JRBP is essential for the vi- 
sion of all vertebrates,” explains Ling Zhu, 
a retinal biologist at University of Sydney’s 
Save Sight Institute who was not involved 
with the work. 

Vertebrate JRBP most closely resembles 
a class of bacterial genes called pepsidases, 
whose proteins recycle other proteins. Since 
IRBP is found in all vertebrates but gener- 
ally not in their closest invertebrate relatives, 
Daugherty and his colleagues propose that 
more than 500 million years ago microbes 
transferred a pepsidase gene into an ances- 
tor of all living vertebrates. 

Once the gene was in place, the protein’s 
recycling function was lost and the gene 
duplicated itself twice, making /RBP bigger, 
with four copies of the original DNA strung 
together. Even in its mi- 
crobial forebears, this 
protein may have had 
some ability to bind to 
light-sensing molecules, 
Daugherty suggests. 
Other mutations com- 
pleted its transforma- 
tion into a molecule that 
could escape from cells 
and serve as a shuttle. 

Not everyone agrees 
that the evolution of 
IRBP was crucial for 
vertebrate vision. “I don’t think it had to 
happen” in order for vertebrates to see well, 
says Sonke Johnsen, a biologist at Duke Uni- 
versity. Invertebrate eyes make do without 
IRBP, he notes. 

Daugherty agrees that vertebrates’ reli- 
ance on JRBP could simply be a historical ac- 
cident. “We are sort of stuck with it,’ he says. 

Either way, the work supports the idea that 
horizontal gene transfer can help to endow 
organisms with new functions, says Julie 
Dunning Hotopp, a genome biologist at the 
University of Maryland School of Medicine’s 
Institute for Genome Sciences. Once these 
genes take root in a new species, evolution 
can tinker with them to produce totally new 
abilities or enhance existing ones. “It is the 
biological equivalent of upcycling that hap- 
pens in my Buy Nothing Group.” & 
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corded in waters under the ice shelves over 
the past 20 years. 

As the gyre expands, it would also send 
warm water and freshwater from the melt- 
ing glaciers away from the ice shelves and 
toward the Ross Sea, where they could 
disrupt a process called bottom water 
formation. Sea ice continually forms and 
blows away in the Ross Sea. Enriched in 
salt expelled by the ice and exposed to the 
frigid wind, the surface waters grow heavy 
enough to sink into the abyss. This bottom 
water “factory” is one of the engines for the 
global overturning circulation, the large- 
scale flows that shuttle heat and nutrients 
throughout the world’s ocean basins, while 
also sequestering carbon dioxide in the 
deep sea. 

Arrays of robotic Deep Argo floats, which 
sink into the depths and then surface to 
transmit data, have found that these bot- 
tom waters have started to warm, according 
to a study published last year. Moreover, a 
63-year record from the Ross Sea, also pub- 
lished in 2022, found that waters close to 
the surface had steadily become less dense. 
Both effects could contribute to the falter- 
ing of the bottom-water factory and the 
overturning circulation, Dotto says. 

Oceanographers have similar worries 
about a more famous part of the overturn- 
ing circulation, in the Atlantic Ocean, but 
they have not yet detected any weakening 
in modern observations. But the change in 
the Southern Ocean is clear, says Sang-Ki 
Lee, a physical oceanographer at the Na- 
tional Oceanic and Atmospheric Admin- 
istration’s Atlantic Oceanographic and 
Meteorological Laboratory. Using a climate 
model calibrated by historical ocean mea- 
surements, Lee and his colleagues found 
that the lower part of the overturning cir- 
culation has weakened by up to 20% since 
the 1970s, according to a paper published 
last month in Communications Earth & 
Environment. “This is not something that 
happened suddenly,” Lee says. “It gradually 
happened.” 

As sea ice declines and the gyre ex- 
pands, Antarctic bottom water formation 
could slow further. Late last month in 
Nature, a group led by Qian Li, a physical 
oceanographer at the Massachusetts Insti- 
tute of Technology, published a new high- 
resolution ocean model predicting that, by 
2050, the lower cell of the overturning cir- 
culation will have weakened by 40% from 
present times due to increased meltwater. 
And that means the ocean’s ability to miti- 
gate climate change by soaking up nearly 
one-third of humanity’s annual carbon 
emissions could falter as well, Lee says. 
“That capacity is reducing.” & 
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An ancient bacterial gene set 
the stage for human sight 


Some 500 million years ago, early vertebrates acquired 
bacterial DNA that gave rise to a key vision gene 


By Elizabeth Pennisi 


he eye is so complex that even Charles 

Darwin was at a loss to explain how 

it could have arisen. Now, it turns out 

that the evolution of the vertebrate eye 

got an unexpected boost—from bacte- 

ria, which contributed a key gene in- 
volved in the retina’s response to light. The 
work, reported this week in the Proceedings 
of the National Academy of Sciences, drives 
home the evolutionary importance of genes 
borrowed from other species. 

Bacteria are known to readily swap genes 
with one another, but vertebrates, too, can in- 
corporate microbial genes. When the human 
genome was first sequenced in 2001, scien- 
tists thought it contained about 200 bacteria- 
derived genes, though many of these turned 
out to be the result 
of contamination. 

Hoping to improve 
on those earlier efforts, 
Matthew Daugherty, a 
biochemist at the Uni- 
versity of California, San 
Diego, and colleagues 
used computer software 
to trace the evolution 
of hundreds of human 
genes by searching for 
similar sequences in 
other species. Genes that 
seemed to have appeared first in vertebrates 
and had no predecessors in earlier animals 
were good candidates for having jumped 
from bacteria, particularly if they had coun- 
terparts in modern microbes. Among the 
dozens of potentially alien genes, one “blew 
me away,’ Daugherty recalls. 

The gene, called JRBP (interphotoreceptor 
retinoid-binding protein), was already known 
to be important for seeing. The protein it en- 
codes resides in the space between the retina 
and the retinal pigment epithelium, a thin 
layer of cells overlying the retina. 

When light hits a light-sensitive photo- 
receptor in the retina of the vertebrate eye, 
vitamin A complexes become kinked, setting 
off an electrical pulse that activates the op- 
tic nerve. JRBP then shifts these molecules 
to the epithelium to be unkinked. Finally, it 
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shuttles the restored molecules back to the 
photoreceptor. “JRBP is essential for the vi- 
sion of all vertebrates,” explains Ling Zhu, 
a retinal biologist at University of Sydney’s 
Save Sight Institute who was not involved 
with the work. 

Vertebrate JRBP most closely resembles 
a class of bacterial genes called pepsidases, 
whose proteins recycle other proteins. Since 
IRBP is found in all vertebrates but gener- 
ally not in their closest invertebrate relatives, 
Daugherty and his colleagues propose that 
more than 500 million years ago microbes 
transferred a pepsidase gene into an ances- 
tor of all living vertebrates. 

Once the gene was in place, the protein’s 
recycling function was lost and the gene 
duplicated itself twice, making /RBP bigger, 
with four copies of the original DNA strung 
together. Even in its mi- 
crobial forebears, this 
protein may have had 
some ability to bind to 
light-sensing molecules, 
Daugherty suggests. 
Other mutations com- 
pleted its transforma- 
tion into a molecule that 
could escape from cells 
and serve as a shuttle. 

Not everyone agrees 
that the evolution of 
IRBP was crucial for 
vertebrate vision. “I don’t think it had to 
happen” in order for vertebrates to see well, 
says Sonke Johnsen, a biologist at Duke Uni- 
versity. Invertebrate eyes make do without 
IRBP, he notes. 

Daugherty agrees that vertebrates’ reli- 
ance on JRBP could simply be a historical ac- 
cident. “We are sort of stuck with it,’ he says. 

Either way, the work supports the idea that 
horizontal gene transfer can help to endow 
organisms with new functions, says Julie 
Dunning Hotopp, a genome biologist at the 
University of Maryland School of Medicine’s 
Institute for Genome Sciences. Once these 
genes take root in a new species, evolution 
can tinker with them to produce totally new 
abilities or enhance existing ones. “It is the 
biological equivalent of upcycling that hap- 
pens in my Buy Nothing Group.” & 
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Call for Al pause highlights 
potential dangers 


As systems dazzle, researchers worry about lack 
of safeguards and regulation 


By Laurie Clarke 


n open letter calling for a pause on 

the development of advanced arti- 

ficial intelligence (AI) systems has 

divided researchers. Attracting sig- 

natures from the likes of Tesla CEO 

Elon Musk and Apple co-founder 
Steve Wozniak, the letter, released early last 
week, advocates for a 6-month moratorium 
to give AI companies and regulators time 
to formulate safeguards to protect society 
from potential risks of the technology. 

AI has galloped along since the 
launch last year of the image generator 
DALL-E 2, from the Microsoft-backed 
company OpenAI. The company has since 
released ChatGPT and GPT-4, two text- 
generating chatbots, to frenzied acclaim. 
The ability of these so-called “generative” 
models to mimic human outputs, combined 
with the speed of adoption—ChatGPT re- 
portedly reached more than 100 million us- 
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ers by January and major tech companies 
are racing to build generative AI into their 
products—have caught many off guard. 

“T think many people’s intuitions about 
the impact of technology aren’t well cali- 
brated to the pace and scale of [these] 
AI models,” says letter signatory Michael 
Osborne, a machine learning researcher and 
co-founder of AI company Mind Foundry. 
He is worried about the societal impacts of 
the new tools, including their potential to 
put people out of work and proliferate dis- 
information. “I feel that a 6-month pause 
would ... give regulators enough time to 
catch up with the rapid pace of advances,” 
he says. 

The letter, released by a nonprofit or- 
ganization called the Future of Life Initia- 
tive, rankles some researchers by invoking 
far-off, speculative harms. It asks, “Should 
we develop nonhuman minds that might 
eventually outnumber, outsmart, obsolete 
and replace us? Should we risk loss of con- 


trol of our civilization?” Sandra Wacl cigs 


an expert in technology regulation at “ine 
University of Oxford, says there are many 
known harms that need addressing today. 
Wachter, who didn’t sign the letter, says the 
focus should be on how AI systems can be 
disinformation engines, persuading people 
of incorrect, potentially libelous informa- 
tion; how they perpetuate systemic bias in 
the information they surface to people; and 
how they rely on the invisible labor of work- 
ers, often toiling under poor conditions, to 
label data and train the systems. 

Privacy is another emerging concern, 
as critics worry that systems could be 
prompted to exactly reproduce personally 
identifiable information from their train- 
ing sets. Italy’s data protection authority 
banned ChatGPT on 31 March over con- 
cerns that Italians’ personal data are being 
used to train OpenAl’s models. (An OpenAI 
blog post says, “We work to remove per- 
sonal information from the training dataset 
where feasible, fine-tune models to reject 
requests for personal information of private 
individuals, and respond to requests from 
individuals to delete their personal infor- 
mation from our systems.”) 

Some technologists warn of deeper se- 
curity threats. Planned ChatGPT-based 
digital assistants that can interface with 
the web and read and write emails could 
offer new opportunities for hackers, says 
Florian Tramér, a computer scientist at ETH 
Zurich. Already, hackers rely on a tactic 
called “prompt injection” to trick AI mod- 
els into saying things they shouldn’t, like 
offering advice on how to carry out illegal 
activities. Some methods involve asking the 
tool to roleplay as an evil confidant, or act 
as a translator between different languages, 
which can confuse the model and prompt it 
to disregard its safety restrictions. 

Tramér worries the practice could evolve 
into a way for hackers to trick the digital as- 
sistants through “indirect prompt injection’— 
by, for example, sending someone a calendar 
invitation with instructions for the assistant 
to export the recipient’s data and send it to 
the hacker. “These models are just going to 
get exploited left and right to leak people’s 
private information or to destroy their data,” 
he says. He says AI companies need to start 
warning users of the security and privacy 
risks, and do more to address them. 

OpenAI seems to be becoming more alert 
to security risks. OpenAI President and co- 
founder Greg Brockman tweeted last month 
that the company is “considering starting a 
bounty program” for hackers who flag weak- 
nesses in its AI systems, acknowledging that 
the stakes “will go up a *lot®* over time.” 

However, many of the problems inher- 
ent in today’s AI models don’t have easy 
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solutions. One vexing issue is how to make 
Al-generated content identifiable. Some re- 
searchers are working on “watermarking’— 
creating an imperceptible digital signature 
in the Al’s output. Others are trying to de- 
vise means of detecting patterns that only 
AI produces. However, recent research found 
that tools that slightly rephrase AI-produced 
text can significantly undermine both ap- 
proaches. As AI begins to sound more hu- 
man, the authors say, its output will only 
become harder to detect. 

Other elusive safeguards include ones to 
prevent systems from generating violent 
or pornographic images. Tramér says most 
researchers are simply applying after-the- 
fact filters, teaching the AI to avoid “bad” 
outputs. He believes these issues need to be 
remedied before training, at the data level. 
“We need to find better ways of curating the 
training sets of these generative models to 
remove sensitive data altogether,’ he says. 

The pause itself seems unlikely to happen. 
OpenAI CEO Sam Altman didn’t sign the let- 
ter, telling The Wall Street Journal that the 
company has always taken safety seriously, 
and regularly collaborates with the industry 
on safety standards. Microsoft co-founder 
Bill Gates told Reuters the proposed pause 
won't “solve the challenges” ahead. 

Osborne believes governments will need 
to step in. “We can’t rely on the tech giants 
to self-regulate,’ he says. The Biden admin- 
istration has proposed an AI “Bill of Rights” 
designed to help businesses develop safe 
AI systems that protect the rights of U.S. 
citizens—but the principles are voluntary 
and nonbinding. The European Union’s AI 
Act, which is expected to come into force 
this year, will apply different levels of regu- 
lation depending on the level of risk. For ex- 
ample, policing systems that aim to predict 
individual crimes are considered unaccept- 
ably risky, and are therefore banned. 

Wachter says a 6-month pause appears 
arbitrary, and she is leery of banning re- 
search. Instead, “we need to go back and 
think about responsible research and em- 
bed that type of thinking very early on,” she 
says. As a part of this, she says companies 
should invite independent experts to hack 
and stress test their systems before rolling 
them out. 

She notes the people behind the letter are 
heavily immersed in the tech world, which 
she thinks gives them a narrow perspective 
on the potential risks. “You really need to 
talk to lawyers, to people who do ethics, to 
people who understand economics and poli- 
tics,” she says. “The most important thing is 
that those questions are not decided among 
tech people alone.” 


Laurie Clarke is a journalist in the United Kingdom. 
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In Miami, a modern clash over 
a 2000-year-old settlement 


High-rises planned for “extraordinary” Native American site 


By David Malakoff, in Miami 


or nearly 2 years, bustling teams of 

archaeologists—totaling more than 

120 researchers on some days—have 

excavated a sprawling waterfront lot 

here in one of this seaside city’s toni- 

est neighborhoods. The diggers have 
uncovered ancient human remains and 
some 1 million artifacts that are providing 
rare insight into a major Native Ameri- 
can settlement, known as Tequesta, which 
flourished at the mouth of the Miami River 
some 2000 years ago. 

“It’s a truly extraordinary site,’ says 
archaeologist Traci Ardren of the Univer- 
sity of Miami (UM), who is not part of the 
dig. Notable discoveries, she says, include 
ancient wooden tools and plant materials 
that rarely survive in Florida’s subtropical 
climate, as well as copper and stone artifacts 
that indicate Tequesta conducted a vibrant 
trade with distant tribes. Researchers know 
relatively little about Miami’s prehistoric 
founders, says Ardren, who expects the finds 
to “add a great deal to our understanding.” 

But the dig—which city rules required a 
developer to conduct before building three 
luxury high-rises—has also fueled a fierce 
conflict over how Miami, which boosters 
tout as a “new city,’ should recognize and 
preserve its ancient past. A loose alliance of 
archaeologists, Indigenous people, and pres- 
ervation advocates want the city to require 
the developer to transfer the vast artifact 
trove to a university or museum, and help 
pay for efforts to study the collection and 
share findings with the public. “We can’t 
just let this important collection languish 
in some warehouse,’ says UM archaeo- 
logist William Pestle, one of the leaders of 
the campaign. 

For its part, the Related Group, the 
site’s developer, says it has already spent 
about $20 million on the dig and is will- 
ing to spend millions more—but only if the 
city doesn’t derail its plan to build some 
1400 residential units. 

Last week, the issue came to a head at 
a contentious 5-hour hearing before Mi- 
ami’s historic preservation board, which 
was considering proposals to place historic 
designations on the site that could hamper 


construction. An overflow crowd clapped 
and jeered as some 50 speakers supported 
or opposed designation. Members of Native 
American tribes expressed concerns that the 
developer had not adequately consulted with 
Indigenous people about its plans, as well as 
about Florida’s secretive process for decid- 
ing what to do with ancient human remains 
uncovered by archaeologists, such as those 
found on the site. “There’s too little trans- 
parency around how our ancestors are being 
treated,” says Betty Osceola, a member of the 
Panther Clan of the Miccosukee Tribe. 

In the end, both the preservationists and 
the developer emerged from the 4 April 
hearing claiming partial victory. But all 
sides agree the story is far from over. 

“What happens next will be the real test 
of whether Miami is ready to stop ignoring 
its past,’ Pestle says. 

The flatlands surrounding the Miami 
River’s junction with Biscayne Bay have 
long been prime real estate. Native Ameri- 
cans began settling in the area at least 
4000 years ago, researchers say, attracted 
by abundant fresh water and food. “It’s a 
classic location for an early Florida occupa- 
tion,” says archaeologist Robert Carr, who 
has been studying the region for more than 
40 years and is head of the Archaeo- 
logical and Historical Conservancy, a Flor- 
ida nonprofit that is conducting the cur- 
rent dig. Archaeologists believe Tequesta, 
which straddled both banks of the Miami 
River, became the capital of a chiefdom that 
stretched across southeast Florida from 
roughly 500 B.C.E. to the 1500s C.E. 

Today, Tequesta’s remains sit beneath 
some of Miami’s most valuable land, and 
over the past 25 years a string of build- 
ing projects have sparked controversy. In 
1998, archaeologists conducting a pre- 
development dig for a luxury high-rise 
just a few blocks from the current site dis- 
covered a large circle of post holes in the 
limestone bedrock—likely the remains of a 
ceremonial structure built about 2000 years 
ago. After an outcry, state and local officials 
spent $27 million to buy and protect what is 
now known as the Miami Circle. 

Since then, preconstruction digs at other 
nearby sites have uncovered hundreds of 
human burials and archaeological features 
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arbitrary, and she is leery of banning re- 
search. Instead, “we need to go back and 
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bed that type of thinking very early on,” she 
says. As a part of this, she says companies 
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She notes the people behind the letter are 
heavily immersed in the tech world, which 
she thinks gives them a narrow perspective 
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can settlement, known as Tequesta, which 
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“It’s a truly extraordinary site,’ says 
archaeologist Traci Ardren of the Univer- 
sity of Miami (UM), who is not part of the 
dig. Notable discoveries, she says, include 
ancient wooden tools and plant materials 
that rarely survive in Florida’s subtropical 
climate, as well as copper and stone artifacts 
that indicate Tequesta conducted a vibrant 
trade with distant tribes. Researchers know 
relatively little about Miami’s prehistoric 
founders, says Ardren, who expects the finds 
to “add a great deal to our understanding.” 

But the dig—which city rules required a 
developer to conduct before building three 
luxury high-rises—has also fueled a fierce 
conflict over how Miami, which boosters 
tout as a “new city,’ should recognize and 
preserve its ancient past. A loose alliance of 
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pay for efforts to study the collection and 
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just let this important collection languish 
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For its part, the Related Group, the 
site’s developer, says it has already spent 
about $20 million on the dig and is will- 
ing to spend millions more—but only if the 
city doesn’t derail its plan to build some 
1400 residential units. 

Last week, the issue came to a head at 
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construction. An overflow crowd clapped 
and jeered as some 50 speakers supported 
or opposed designation. Members of Native 
American tribes expressed concerns that the 
developer had not adequately consulted with 
Indigenous people about its plans, as well as 
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found on the site. “There’s too little trans- 
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treated,” says Betty Osceola, a member of the 
Panther Clan of the Miccosukee Tribe. 
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the developer emerged from the 4 April 
hearing claiming partial victory. But all 
sides agree the story is far from over. 

“What happens next will be the real test 
of whether Miami is ready to stop ignoring 
its past,’ Pestle says. 

The flatlands surrounding the Miami 
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long been prime real estate. Native Ameri- 
cans began settling in the area at least 
4000 years ago, researchers say, attracted 
by abundant fresh water and food. “It’s a 
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has been studying the region for more than 
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logical and Historical Conservancy, a Flor- 
ida nonprofit that is conducting the cur- 
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which straddled both banks of the Miami 
River, became the capital of a chiefdom that 
stretched across southeast Florida from 
roughly 500 B.C.E. to the 1500s C.E. 

Today, Tequesta’s remains sit beneath 
some of Miami’s most valuable land, and 
over the past 25 years a string of build- 
ing projects have sparked controversy. In 
1998, archaeologists conducting a pre- 
development dig for a luxury high-rise 
just a few blocks from the current site dis- 
covered a large circle of post holes in the 
limestone bedrock—likely the remains of a 
ceremonial structure built about 2000 years 
ago. After an outcry, state and local officials 
spent $27 million to buy and protect what is 
now known as the Miami Circle. 

Since then, preconstruction digs at other 
nearby sites have uncovered hundreds of 
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Archaeologists have found extensive evidence of the ancient settlement of Tequesta at this Miami building site. 


related to Tequesta, but preservation advo- 
cates complain that the city did relatively 
little to protect or publicize these finds. 
“Miami has a troubling history of allowing 
developers to pave over its indigenous his- 
tory,” says archaeologist Sara Ayers-Rigsby 
of the Florida Public Archaeology Network. 

The current controversy involves a 
1.5-hectare parcel divided into three lots; 
two have been cleared for construction and 
one still hosts an older office building. In 
early 2021, when Carr began examining the 
cleared lots, he fully expected to find signs of 
Tequesta. But the discoveries proved “more 
extensive than anything we've ever seen,” he 
said at the hearing. 

Below the water table, where low oxygen 
levels slowed decay, diggers found strips 
of cord woven from fragile plant material 
and three wooden artifacts, including a 
20-centimeter-long pestle or club and a bowl- 
shaped object used for starting fires. Re- 
searchers also uncovered celts, or ax heads, 
made from shell and stone, including some 
made from basalt that likely came from the 
distant Appalachians. And they recovered 
decorative beads made from copper and ga- 
lena that likely originated in central North 
America. Such exotic items might have been 
used for ceremonies or tribute, and suggest 
Tequesta was a trade hub with “a very com- 
plicated, stratified society,’ Carr said. 

The site also has yielded nearly 1 ton of 
animal bone, including the remains of ex- 
tinct Caribbean monk seals and whales. 
They suggest the Tequestans “had some 
pretty sophisticated fishing technologies,” 
Ardren says, perhaps even hunting large ma- 
rine mammals from their dugout canoes. 

Several hundred post holes suggest the 
site was a major residential area, with peo- 
ple living on platforms suspended above 
the damp ground. Dating studies indicate 
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a peak of activity between 100 C.E. and 
400 C.E., around the time the nearby Miami 
Circle was constructed. That period “might 
have been the golden age of Tequesta,” which 
likely had thousands of residents, Carr said. 

At last week’s hearing, some speakers 
called on the city to simply preserve the site. 
But legal experts say that is unlikely, espe- 
cially given that construction has already 
begun on one lot. Others, including archaeo- 
logists, asked the board to designate the 
remaining two lots as historic. They argued 
that would give the city greater legal lever- 
age to require the developer to care for ar- 
tifacts, develop interpretive programs, and 
possibly even modify construction plans. 

The Related Group and its allies opposed 
designation, asserting it could cause “im- 
mense” financial harm to the firm—and 
hinting it would fight the move in court. 
But after hours of discussion, the developer 
didn’t object to the board’s 8-0 vote to con- 
sider designation for the undeveloped lot. 
The board, in turn, dropped a proposal to 
consider designating the cleared lots, voting 
instead to give the developer time to work 
with archaeologists, universities, and others 
to devise an enforceable “action plan” for 
preservation and interpretation. 

Board members also urged the developer 
to do more to consult with Native American 
tribes. The Related Group says it complied 
with Florida rules that empower a panel of 
Indigenous representatives to approve plans 
for ancient human remains found at digs; in 
this case, they will be reburied on the site. 
But those consultations were too limited and 
opaque, Osceola and others say. 

The outcomes didn’t please everyone. 
But Pestle says the packed hearing “at least 
showed that people do care about preserv- 
ing Miami’s history—and served notice that 
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Report on trial 
death stokes 
Alzheimer’s 
drug fears 


Amyloid-clearing antibody 
lecanemab faces key 
FDA hearing in June 


By Charles Piller 


full autopsy and detailed examination 
of the brain of a 79-year-old Florida 
woman who died after receiving lec- 
anemab, an experimental Alzheimer’s 
therapy, in a pivotal clinical trial has 
deepened some researchers’ concerns 
that it poses serious risks for patients who 
share the woman’s hard-to-diagnose, pre- 
existing condition. 

The patient’s history and autopsy 
“strongly suggests that lecanemab infusions 
were a catalyst leading to the events result- 
ing in her death,” says Vanderbilt University 
pathologist Hannah Harmsen, co-author 
of a recently completed case report, which 
Science has obtained. The authors say the 
woman’s fatal brain swelling and hemor- 
rhaging likely resulted when the drug, a 
monoclonal antibody, attacked the abnor- 
mal protein deposits that had built up in 
her blood vessels. 

At the end of March, worries about such 
side effects led some prominent Alzheimer’s 
scientists to urge more stringent prescrib- 
ing criteria for lecanemab than the Food 
and Drug Administration (FDA) signed off 
on in 2022 when giving it provisional ap- 
proval based on biomarker evidence. But 
some authors of the new case report and 
others who have studied lecanemab’s side 
effects argue that the proposed “Appropri- 
ate Use Recommendations,” from research- 
ers who all have current or recent ties to 
the antibody’s makers, still don’t go far 
enough to protect potential recipients. 

The case report and the experts’ recom- 
mendations are likely to be hot topics at an 
FDA advisory panel meeting on the drug, 
which the agency this week said would be 
on 9 June. The panel will assess the drug’s 
pros and cons before FDA makes its final 
decision on full approval, likely in July. 

Lecanemab and another recently ap- 
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used for ceremonies or tribute, and suggest 
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plicated, stratified society,’ Carr said. 
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tinct Caribbean monk seals and whales. 
They suggest the Tequestans “had some 
pretty sophisticated fishing technologies,” 
Ardren says, perhaps even hunting large ma- 
rine mammals from their dugout canoes. 

Several hundred post holes suggest the 
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a peak of activity between 100 C.E. and 
400 C.E., around the time the nearby Miami 
Circle was constructed. That period “might 
have been the golden age of Tequesta,” which 
likely had thousands of residents, Carr said. 
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called on the city to simply preserve the site. 
But legal experts say that is unlikely, espe- 
cially given that construction has already 
begun on one lot. Others, including archaeo- 
logists, asked the board to designate the 
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age to require the developer to care for ar- 
tifacts, develop interpretive programs, and 
possibly even modify construction plans. 

The Related Group and its allies opposed 
designation, asserting it could cause “im- 
mense” financial harm to the firm—and 
hinting it would fight the move in court. 
But after hours of discussion, the developer 
didn’t object to the board’s 8-0 vote to con- 
sider designation for the undeveloped lot. 
The board, in turn, dropped a proposal to 
consider designating the cleared lots, voting 
instead to give the developer time to work 
with archaeologists, universities, and others 
to devise an enforceable “action plan” for 
preservation and interpretation. 

Board members also urged the developer 
to do more to consult with Native American 
tribes. The Related Group says it complied 
with Florida rules that empower a panel of 
Indigenous representatives to approve plans 
for ancient human remains found at digs; in 
this case, they will be reburied on the site. 
But those consultations were too limited and 
opaque, Osceola and others say. 
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full autopsy and detailed examination 
of the brain of a 79-year-old Florida 
woman who died after receiving lec- 
anemab, an experimental Alzheimer’s 
therapy, in a pivotal clinical trial has 
deepened some researchers’ concerns 
that it poses serious risks for patients who 
share the woman’s hard-to-diagnose, pre- 
existing condition. 

The patient’s history and autopsy 
“strongly suggests that lecanemab infusions 
were a catalyst leading to the events result- 
ing in her death,” says Vanderbilt University 
pathologist Hannah Harmsen, co-author 
of a recently completed case report, which 
Science has obtained. The authors say the 
woman’s fatal brain swelling and hemor- 
rhaging likely resulted when the drug, a 
monoclonal antibody, attacked the abnor- 
mal protein deposits that had built up in 
her blood vessels. 

At the end of March, worries about such 
side effects led some prominent Alzheimer’s 
scientists to urge more stringent prescrib- 
ing criteria for lecanemab than the Food 
and Drug Administration (FDA) signed off 
on in 2022 when giving it provisional ap- 
proval based on biomarker evidence. But 
some authors of the new case report and 
others who have studied lecanemab’s side 
effects argue that the proposed “Appropri- 
ate Use Recommendations,” from research- 
ers who all have current or recent ties to 
the antibody’s makers, still don’t go far 
enough to protect potential recipients. 

The case report and the experts’ recom- 
mendations are likely to be hot topics at an 
FDA advisory panel meeting on the drug, 
which the agency this week said would be 
on 9 June. The panel will assess the drug’s 
pros and cons before FDA makes its final 
decision on full approval, likely in July. 

Lecanemab and another recently ap- 
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proved drug called aducanumab belong 
to a class of antibodies that bind to beta 
amyloid, a protein that is widely thought 
to drive the progression of Alzheimer’s dis- 
ease. In January, FDA approved lecanemab 
for use after clinical trials showed it re- 
moved brain amyloid deposits, an effect 
the agency said was “reasonably likely to 
predict a clinical benefit.” The agency re- 
lied on the same reasoning in its 2021 ap- 
proval of aducanumab. 

For its “accelerated” approval of lec- 
anemab, FDA did not consider what many 
saw as the key evidence from the anti- 
body’s phase 3 trial. After 18 months of 
use, lecanemab modestly slowed the devas- 
tating cognitive deterioration of Alzheimer’s— 
the first drug to clearly do so. 

But the drug, now marketed as Leqembi 
by its maker Eisai Co., has also been linked to 
several deaths and brain injuries, 
as well as to a reduction in brain 
volume, during its trials or their 
extensions. The case report, cur- 
rently under review at a journal, 
expands on an earlier preliminary 
analysis of the Florida woman’s 
death, which took place in the 
phase 3 trial’s extension and was 
first reported by Science. 

That initial analysis showed 
the woman ultimately died from 
multiorgan failure and pneumo- 
nia, 5 days after she began hav- 
ing seizures, brain swelling, and 
bleeding. The woman had early 
Alzheimer’s disease and moder- 
ate, asymptomatic coronary ar- 
tery disease, but had otherwise 
been in good health when she 
joined the trial. 

Like all Alzheimer’s patients, 
the woman was also at risk of a 
condition called cerebral amyloid 
angiopathy (CAA). In Alzheimer’s disease, 
beta amyloid accumulates between brain 
cells in hallmark deposits called plaques. 
But in roughly half of patients, the protein 
also extensively replaces the smooth mus- 
cle of blood vessel walls, rendering them 
brittle. Antibodies such as lecanemab often 
strip away this amyloid, making the vessels 
weak, inflamed, and prone to dangerous 
bleeding. Other people who died during the 
lecanemab trial were taking blood thinners, 
which likely increased their risk. But the 
Florida woman was not. 

It takes sophisticated, expensive brain 
imaging to detect signs of CAA; only an 
autopsy can provide a definitive diagnosis. 
The case report, prepared by neuroscientists 
and pathologists at Vanderbilt, Boston Uni- 
versity, the University of Florida, and a pri- 
vate Florida autopsy company, showed clear 
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evidence of CAA: many brain hemorrhages, 
and cerebral blood vessels lined with amyloid 
plaques. The examination of the woman’s 
brain revealed “remarkable” inflammation 
and degeneration of blood vessels, says 
Matthew Schrag, a Vanderbilt neurologist 
and neuroscientist and the case report’s 
senior author. 

Besides weakening blood vessel walls, lec- 
anemab and other antiamyloid antibodies 
may pose another hazard to people with 
CAA, Harmsen, Schrag, and their col- 
leagues say. As the antibodies remove 
clumps of amyloid from brain tissue, the 
agglomerations may clog blood vessels and 
lead to “an inflammatory cascade” that in- 
creases the risk of life-threatening swelling 
and bleeding. 

According to Northwestern University 
pathologist Rudolph Castellani, the report 


The brain of a woman who died after receiving a new Alzheimer’s 
disease drug shows amyloid (orange) lining blood vessels and a site where 
a vessel ruptured and bled (yellow-green). 


provides definitive evidence that lecanemab 
started the chain of events that resulted 
in the woman’s death. “Leqembi is toxic 
to the cerebral vasculature in people with 
CAA and potentially lethal,’ says Castellani, 
who previously reported on a separate lec- 
anemab clinical trial death in an Illinois 
woman who had CAA and had been given 
tissue plasminogen activator (tPA), a power- 
ful clot-busting treatment for stoke. 

Nicolas Villain, a neurologist and 
neuroscientist at the Sorbonne University 
and an investigator on the lecanemab phase 
3 trial, also reviewed the case report for 
Science. The drug triggered the Florida 
death “beyond any reasonable doubt,” says 
Villain, whose team has found two other 
cases of severe brain injuries they believe 
are linked to the antibody. 

Eisai declined to comment about the 


specifics of the case report, which Science 
provided to it. In a written statement, a 
spokesperson said the company would “re- 
port any necessary and relevant informa- 
tion to appropriate health authorities.” Eisai 
also referred to the current FDA-approved 
prescribing information, which urges doc- 
tors to review brain imaging data from a po- 
tential recipient for signs of inflammation 
or bleeding that might indicate CAA. 

The authors of the case report say that’s 
not enough. “This case should prompt a 
careful evaluation of the safety of leeanemab 
treatment and a refinement of the approach 
to pre-screening potential recipients of lec- 
anemab for [CAA],” they conclude. 

Even supporters of lecanemab share 
some of those concerns. On 27 March, 11 
Alzheimer’s researchers issued recommen- 
dations for the drug’s use in a commentary 
in The Journal of Prevention of 
Alzheimer’s Disease. They said 
Alzheimer’s patients on blood 
thinners—a significant fraction— 
should not receive the antibody, 
and those taking the drug should 
not be given tPA. The group 
added that all treatment candi- 
dates should undergo genetic 
analysis to be sure they do not 
carry two copies of a gene vari- 
ant called APOE4, which raises 
the risk of brain swelling and 
bleeding in people given anti- 
amyloid antibodies. 

Those restrictions are stronger 
than FDA’s own prescribing crite- 
ria, and they are notable because 
the authors all have had consult- 
ing or advisory relationships with 
Eisai, its lecanemab partner Bio- 
gen, or both. Most, including Har- 
vard University’s Dennis Selkoe; 
Jeffrey Cummings of the Univer- 
sity of Nevada, Las Vegas; Stephen Salloway 
of Brown University, have strongly advo- 
cated for the drug’s approval. 

The group also says Alzheimer’s patients 
with probable CAA and related brain in- 
flammation, as indicated by brain imaging, 
should not receive lecanemab. Villain calls 
that proposal too weak. He and colleagues 
wrote in an alternate set of recommenda- 
tions for the use of antiamyloid antibod- 
ies in France that any Alzheimer’s patients 
with probable CAA, even those without ev- 
idence of brain inflammation, should not 
receive lecanemab. By that standard, the 
Florida woman who died would have been 
excluded from the extension of the drug’s 
phase 3 trial. 


This story was supported by the Science Fund for 
Investigative Reporting. 
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MARKING TIME 


Radiocarbon timestamps left in ancient tree rings by cosmic ray bombardments 
can date historical events with unprecedented precision 


ne thousand years ago, accord- 
ing to Viking sagas, intrepid sea- 
farers sailed west from Green- 
land to a coast they called Vin- 
land. There they set up camps, 
harvested wild grapes, and skir- 
mished with local people. At an 
archaeological site in a coastal 
town in Newfoundland called 


124 = 14 APRIL 2023 + VOL 380 ISSUE 6641 


By Michael Price 


L’Anse aux Meadows, remnants of struc- 
tures laid out like Viking longhouses 
and artifacts such as a bronze cloak pin 
and iron nails record their presence— 
likely the first Europeans to set foot in 
North America. Yet pinning down exactly 
when Vikings came to Vinland was impos- 


sible, until researchers discovered a kind of 
cosmic timestamp preceding their arrival. 

In 2021, Margot Kuitems and Michael 
Dee of the University of Groningen obtained 
pieces of timber from a longhouse with vis- 
ible tree rings and intact bark. Kuitems, an 
archaeologist, and Dee, a radiocarbon expert, 
were hoping to find a tree ring with an un- 
usually large amount of carbon-14 (*C): the 
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signature of a barrage of high-energy par- 
ticles from outer space known to have oc- 
curred in 993-94 C.E. “It was a bit of a shot in 
the dark,” Kuitems says. But 28 rings in from 
the bark, they found the telltale “C spike: per- 
suasive evidence that Vikings had felled the 
fir and juniper trees used to build the long- 
house in 1021 C.E. 

The timing of the Viking foothold at L’-Anse 
aux Meadows heralds a revolution in archaeo- 
logy: a newfound ability to whittle the age 
of wooden artifacts from decades down to 
single years. The breakthrough paving the 
way for such precision came in 2012, when 
Japanese physicist Fusa Miyake revealed that 
a massive influx of cosmic rays caused a big 
uptick in “C in a tree ring dated to 774-75 C.E. 
Since then, at least seven more confirmed 
spikes, known as Miyake events, have been 
found so far. The earliest well-supported 
spike dates to 7176 B.C.E. 

These chronological lighthouses are now 
guiding a growing cadre of scientists as they 
work to date ancient ruins, natural disasters, 
and other historic turning points. “If we're 
able to start pinning things down to the year,” 
Dee says, “we can start analyzing early his- 
tory, perhaps even prehistory, with the sort of 
rigor that previously we could only apply to 
modern history.” 

The technique “is phenomenally cool,” says 
Charlotte Pearson, a dendrochronologist and 
radiocarbon scientist at the University of 
Arizona’s Laboratory of Tree-Ring Research. 
“These are eureka moments, and we're about 
to have a lot more of them.” 


EVEN SCRIBES in the early Middle Ages 
noticed the cosmic assault that produced 
Miyake’s first event. In 774 C.E., the Anglo- 
Saxon Chronicle, a collection of manu- 
scripts that recounts key moments in 
Anglo-Saxon history, recorded the appear- 
ance in the sky, after sunset, of a “red cruci- 
fix.” Astronomers have speculated that the 
sighting may have been atmospheric dust 
scattering light from a nearby supernova, 
or an especially vivid aurora borealis trig- 
gered by a giant solar flare. 

That same year, thousands of kilometers to 
the east, as Japan’s Emperor Konin struggled 
with a succession crisis, a Japanese cedar on 
Yaku Island off the nation’s southern coast 
was sucking up carbon dioxide (CO,) through 
its short, bristled needles. The tree converted 
some of the CO, into sugar and deposited 
that in the outermost layer of its wood. As 
empires rose and fell, the cedar added ring 
after ring of annual growth—succumbing 
only in 1956, at the venerable age of 1900 or 
so, to the blades of Yaku forestry managers. 
A half-century later, Miyake, then a graduate 
student at Nagoya University, cut a cross- 
section of the cedar’s stump. 
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Each of its rings held a trace of “C. The 
radioactive isotope forms continuously in 
the upper atmosphere as cosmic rays— 
high-energy particles from space—collide 
with gas molecules, spawning neutrons. 
When one of these neutrons knocks out a 
proton in a nitrogen atom, that nitrogen is 
transformed into “C. As it inhaled CO,, the 
cedar had incorporated the “C into its wood. 

All green plants take up “C and pass it on 
to the animals they sustain; it can be detected 
in fossils and other preserved tissues going 
back tens of thousands of years. Its mostly 
predictable decay rate is the basis of standard 
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intense showers of high energy particles. 

Using techniques developed in part by 
Lukas Wacker, a physicist at ETH Ziirich, 
she zeroed in on a period toward the end of 
the 8th century C.E., where previous radio- 
carbon scientists had detected an anomalous 
hump. Working ring by ring, she sliced out 
tiny wood chips from the cedar and ran them 
through an accelerator mass spectrometer 
to determine the ratio of “C to stable car- 
bon isotopes. In the ring corresponding to 
774-75 C.E., she saw a 12% jump in “C: an in- 
crease 20 times larger than ordinary cosmic 
ray oscillations produce. Other teams con- 


Acosmic carbon spike 

Cosmic rays from solar flares or other extraterrestrial sources 
collide with gas molecules in our atmosphere, spawning neutrons. 
When a free neutron knocks a proton out of a nitrogen atom, 

it forms the radioisotope carbon-14 (#C). The more energetic the 
event, the higher the ratio of “C to stable carbon isotopes. Trees 
breathe in these isotopes as carbon dioxide (CO.). 


Cosmic ray —» / 
Thermosphere / 


ui MN 


Stratosphere A 


’ *— Neutron 


J \. i © Proton CO, 
Fe Wesesonere ae O —-@ i 


4c 


oP > le a ie. ee 


Reading the rings 

Atree stores carbon from the atmosphere 
in its annual growth rings. Scientists use 
mass spectrometry to measure the ratio 
of “C to C in individual rings. The eight 
Miyake events confirmed to date appear in 
tree rings as major “C spikes. 


radiocarbon dating. Using methods such as 
mass spectrometry, scientists can analyze 
organic remains to determine how much “C 
has decayed since the life form that absorbed 
it died, giving the sample’s age to within a few 
decades under ideal circumstances. (Because 
the isotope has a half-life of about 5700 years, 
samples from earlier than about 50,000 years 
ago contain too little for dating.) 

But Miyake wasn’t trying to date the tree. 
She was looking for anomalous “C spikes left 
by violent space weather events—solar flares, 
other outbursts from the Sun, and explod- 
ing stars—that unleash short, exceptionally 


Cryptomeria 
japonica 


firmed the spike in samples from a German 
oak and a New Zealand kauri tree. 

Later that year, Miyake and her colleagues 
published a paper in Nature attributing the 
“C spike to a massive bombardment of cos- 
mic rays, perhaps from the Sun or a gamma 
ray burst from a distant star. In 2013, they 
found a second, slightly smaller “C spike in 
the same Yaku cedar at 993-94 C.E. Other 
scientists started calling the phenomena 
Miyake events. 

When Wacker read about Miyake’s 
774-75 C.E. and 993-94 C.E. spikes, he recog- 
nized the radiocarbon beacon’s untapped po- 
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A decade ago, Fusa Miyake discovered two precise markers of time in the rings of an ancient cedar: carbon-14 spikes now called Miyake events. 


tential. He trained it on a chapel in Miistair, 
Switzerland, supposedly built by the first 
Holy Roman Emperor, Charlemagne, on a 
site where he and his party had survived a 
horrendous blizzard. Another team of scien- 
tists had dated the chapel to 785 C.E. by me- 
ticulously analyzing the widths of tree rings 
in a wooden beam—wider rings often indi- 
cate wetter years—then matching the pat- 
terns with more recent timber from the area 
until they had an unbroken record stretching 
from the present back to the beam. 

Wacker knew that if his team could find 
the “C spike from the 774-75 C.E. Miyake 
event in the beam, they could simply count to 
its outer edge to obtain a precise date. They 
did just that, confirming in 2016 the 785 C.E. 
date. “That was pioneering work;’ Miyake 
says. “I was really happy to see that 
kind of application was made possible 
because of our findings.” 


THE HOLY CROSS CHAPEL dating 
helped persuade Dee and colleagues 
that Miyake events might illuminate 
historical timelines confused or ob- 
scured by the passage of time. Reli- 
able written records—chronicles of 
empires and wars, and more mun- 
dane archives of taxes, trade receipts, 
births and deaths—go back only some 
2500 years, Dee says, and only in soci- 
eties that kept written records. Radio- 
carbon dates, with their decades or 
centuries of uncertainty, may help 
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A Miyake event in timber from Viking st 
them a precise date of 1021 C.E. (These are modern reconstructions.) 


reconstruct history in broad strokes, but 
key historical moments often play out over 
shorter timescales. “One couldn’t examine the 
political events of the 20th century if you only 
had decadal resolution,” Dee says. “If the First 
World War and the Second World War had 
been in 1914 B.C. and 1939 B.C., we wouldn’t 
be able to tell those two things apart.” 

In 2019, Kuitems used the technique 
to clear up a longstanding mystery sur- 
rounding rectangular ruins on a lake island 
in southern Siberia. Despite decades of 
archaeological work, nobody knew for sure 
how old the Por-Bazhyn site is, who built it, 
or what its purpose was. Por-Bazhyn lacked 
any sign of occupation such as trash heaps 
or charcoal from hearths, suggesting it was 
abandoned soon after construction. But the 
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ructures in Newfoundland gave 


774-75 C.E. spike was present in an outer 
ring of a beam, indicating the source tree 
had been felled in 777 C.E. That was during 
the reign of Tengri B6gii Qaghan, a Uyghur 
monarch who converted to Manichaeism, 
a religion that views existence as an epic 
struggle between good and evil. Most likely, 
Kuitems says, Bogii Qaghan built Por- 
Bazhyn as a Manichaean monastery. 

Por-Bazhyn’s precise age points to the appar- 
ent reason it was never occupied. In 779 C.E., 
rebels opposed to Manichaeism killed Bégii 
Qaghan. “So at the moment this whole build- 
ing was finished, it immediately became use- 
less,’ Kuitems says. Dee and other colleagues 
used the same Miyake spike to date another 
ancient fortress, on an island in Lake Arai8i 
in central Latvia. “These were questions that 
people couldn’t answer for decades, 
and now we could with this method,” 
Kuitems says. 

In the wake of their headline- 
grabbing Vinland success, the Gronin- 
gen team is tackling another alluring 
set of historical puzzles: “floating” chro- 
nologies, or ancient, internally consis- 
tent timelines that are untethered to 
specific dates. For instance, Dee has 
long hoped to moor the floating time- 
lines of ancient Egypt’s pharaohs to our 
modern calendar. Radiocarbon dating 
has pegged the Egyptian chronology to 
within a couple hundred years; scien- 
tists have tried to use ancient observa- 
tions of known astronomical events, 
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such as star and planet alignments, to narrow 
dates further. But timelines remain blurry. 
Egypt’s Old Kingdom era, for example, en- 
compasses dozens of pharaohs who reigned 
from approximately 2700 to 2200 B.C.E. “The 
calendrical dates are not even really known 
to the century,’ Dee says. 

Many native Egyptian tree species don’t 
produce annual growth rings, complicating 
the quest for Miyake events there. But the 
Egyptians imported conifers—which build- 
ers often preferred for their straightness 
and strength—from Lebanon and Syria. The 
pandemic and laws restricting the export 
of Egyptian artifacts have slowed his team’s 
work, Dee says. But he has his sights set on 
discovering a precise date for the construc- 
tion of the Great Pyramid, which was built by 
the Old Kingdom Pharaoh Khufu. “There is 
an old Arab proverb which goes, ‘Man fears 
time; time fears the Pyramids,” Dee says. “If 
this structure, and his reign, could be pre- 
cisely dated, that would solve a mystery that 
has endured since antiquity itself” 

Another floating chronology Dee’s team 
hopes to anchor is the Mesoamerican Long 
Count timekeeping system. Used by the Maya, 
Aztec, and other Mesoamerican civilizations, 
the system counts the days linearly from a 
supposed day of the world’s creation. While 
there have been several attempts to correlate 
the Long Count with the Gregorian calendar, 
academics are still debating the precise cre- 
ation date. Finding a Miyake event in wood 
from a Mesoamerican structure—such as a 
lintel in the Maya temple Tikal in Guatemala, 
whose construction is recorded in the Long 
Count—would settle the matter. 


MIYAKE EVENTS ALSO PROMISE to date natu- 
ral disasters that have altered the course of 
human history. “This technique can help an- 
swer questions about the rise and fall of civi- 
lizations,” Pearson says. 

In 2017, Clive Oppenheimer, a volcanolo- 
gist at University of Cambridge, teamed up 
with Wacker and others to use a Miyake event 
to date a larch tree buried in ash by the so- 
called Millennium eruption of Mount Paektu, 
a volcano straddling the border of China and 
North Korea. Radiocarbon dates pegged the 
eruption—one of the biggest in the past 10,000 
years—to sometime during the ninth to 
11th centuries. Some historians hypothesized 
that the blast led to the fall in 926 C.E. of the 
Bohai Kingdom, which encompassed parts of 
the Korean Peninsula, Northeast China, and 
Russia’s Far East. Oppenheimer and colleagues 
used the 774-75 C.E. Miyake event to date the 
larch’s demise to 946 C.E., exonerating the 
eruption in the kingdom’s collapse. “Thanks 
to the Miyake event, we could really nail it,” 
Oppenheimer says. “With anything that kills 
trees—earthquakes, fires, biological pests— 
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A contemporary magazine 
illustration depicted 
the radiant aura of 1859. 


Past boon, future menace 


iyake events, blasts from the Sun or other stars that deposit spikes of radioac- 

tive carbon in tree rings, illuminate the past. But such a blast could seriously 

disrupt the present. 

The largest solar storm to hit our planet in recorded history was the Car- 

rington Event from 1-2 September 1859, named after a British astronomer who 
linked a massive solar flare others had spotted with the bizarre phenomena that soon 
followed. In the Northern Hemisphere, auroral displays were seen as far south as the 
Caribbean and were so bright in the northeastern United States that people could read 
newspapers at night. Telegraph stations caught fire as transmission wires sizzled under 
a barrage of electrons. Newspapers reported that birds began chirping in the night, and 
gold miners in California woke up in the wee hours to prepare breakfast, confusing the 
bright aurora for daybreak. 

Yet compared with a Miyake event, those two scintillating days in 1859 are “barely 
a blip,” says Charlotte Pearson, a dendrochronologist and radcarbon scientist at the 
University of Arizona. Carbon-14 (#C) records in tree rings from 1859 show virtually no 
upticks—nothing approaching the massive spike caused by Miyake events. 

A solar storm or gamma ray assault on the scale of the 774-75 C.E. event would 
similarly turn the night sky into an awe-provoking swirl of crackling, shimmering light. 
It would also do catastrophic damage to technologies and infrastructure. “We're mas- 
sively vulnerable,” Pearson says. The surge of high-energy particles would fry satellite 
electronics, and astronauts in orbit likely would absorb lethal doses of radiation; even 
airplane passengers might absorb dangerous levels, Miyake says. As Earth's magnetic 
field convulsed under the assault, surges of current would destroy power grids. Nearly 
anything running on electricity—from electric vehicles to cellphones to ventilators— 
would short out. At the very least, we'd experience widespread communications fail- 
ures, she says. 

The grave consequences have scientists trying to discern whether past Miyake events 
follow a pattern or cycle, or whether a future event would blindside us. “The goal is to try 
and understand the frequency and severity of these events with a view to actually do 
some kind of risk assessment,” says physicist Andrew Smith of the Australian Nuclear Sci- 
ence and Technology Organisation. That includes working out how to better shield people 
and equipment on Earth and in space. “Obviously, a big [Miyake] event today would be a 
disaster,” Smith says. “All of our tech would be in a smoking heap overnight.’ —M. P. 
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Pinning down history 


Thanks to Miyake events inscribed in ancient wood, scientists are arriving at precise dates for a growing number of archaeological sites—from enigmatic ruins 
to high-profile monuments like a Viking settlement in North America—as well as natural disasters such as volcanic eruptions and earthquakes. 
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there’s now the potential to date that very, 
very precisely.” 

Pearson is hoping to replicate a version of 
that success in a tree that was downwind of 
the volcano Thera when it erupted around 
3500 years ago on the island of Santorini, pos- 
sibly contributing to the fall of the Minoan 
civilization. The widespread devastation 
would have disrupted commerce throughout 
the Mediterranean and sent refugees scram- 
bling for new homes. A “C spike centered 
on 1528 B.C.E.—so far unconfirmed as a Mi- 
yake event—confirms that in 1562 B.C.E, plus 
or minus 1 year, an abrupt chemical signal 
shows up in the tree’s rings, possibly caused 
by sulfate from the eruption. 

Miyake events may even shed light on 
potential future cataclysms. Dendrochrono- 
logist Bryan Black, also at the Arizona tree- 
ring lab, recently used the 774-75 C.E. Miyake 
event to date two mass tree deaths separated 
by more than 80 kilometers in the Puget 
Sound region of the U.S. Pacific Northwest. 
The forests grew along two distinct shallow 
faults near present-day Seattle, and geological 
evidence shows they died more than 1000 
years ago. Sediments record the upheaval, 
as do oral traditions of the indigenous Sal- 
ish people. Earth scientists have wondered 
whether both faults ruptured separately, or 
at once in a single massive earthquake. Black 
found these trees all died during the same 
season between 923 and 924 C.E., suggesting 
the faults could conspire again to produce 
a massive earthquake. “It takes the current 
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worst-case scenario of these shallow faults 
and raises it to the next level,” he asserts. 


RADIOCARBON SCIENTISTS are _ scouring 
tree ring archives for more Miyake events. 
Kuitems hopes to firm up one in the sixth 
millennium B.C.E., which may allow her 
to precisely date an undisclosed Neolithic 
site in Europe. Other researchers have spot- 
ted a possible Miyake cluster in 1261 C.E., 
1268 C.E., and 1279 C.E. Several different labs 
are aiming to verify these and other “C spikes 
in trees from around the world. 

“Tt’s like a sort of jigsaw puzzle,” Dee says. 
“Tn the end, if we have enough spikes, we’ll be 
able to put together a lot of this history of the 
Holocene in absolute time.” 

Ice core data can also confirm Miyake 
events. Cosmic rays spawn two other radio- 
isotopes—beryllium-10 and chlorine-36—in 
the upper atmosphere. Rather than lodging 
in living tissue, these isotopes are washed 
to the surface in rain and snow, and they 
can end up in the annual layers of polar ice 
sheets. Like “C in tree rings, sharp spikes 
of beryllium-10 and chlorine-36 in the ice 
have been correlated to known Miyake 
events. At a radiocarbon conference in 
Zurich last year, physicists Andrew Smith 
and David Fink of the Australian Nuclear 
Science and Technology Organisation re- 
ported isotopic spikes at 774-75 C.E. and 
993-94 C.E. in Antarctic ice cores. Contin- 
ued analysis of the cores could reveal other, 
previously unknown Miyake events that 


dendrochronologists could follow up on. 

Miyake, too, is continuing her quest to 
find more of the events that bear her name. 
She has joined forces with Arizona’s Labora- 
tory of Tree Ring Research, whose 700,000 
tree ring samples-the largest collection 
in the world-offer an unparalleled record 
of past climate and cosmic events. There, 
Miyake and her Arizona colleagues, along 
with colleagues around the world, are aim- 
ing to patch together from recently deceased 
and long-dead trees a complete radiocarbon 
record stretching back 12,000 years. Filling in 
the gaps between Miyake events is also im- 
portant, says Pearson, as they contain solar 
patterns that can be matched with tree-ring 
and ice-core records to improve radiocarbon 
dating. Pearson and Wacker are preparing 
to submit another 1100 years’ worth of data 
from California’s bristlecone pines, which can 
live for more than 4000 years, to an interna- 
tional radiocarbon calibration repository. 
Miyake is looking to samples of other long- 
lived trees from Russia, Finland, and Japan, 
and has already spotted several as-yet unpub- 
lished Miyake events, she says. 

Miyake’s pioneering analysis of the cedar 
continues to ripple through studies of the 
past, colleagues say. “She trusted her instincts 
and was so confident in what she had that 
she was able to convince us all that there was 
a real effect,’ Dee says. “And the rest, as they 
say, is history.” 


Dennis Normile contributed to this story. 


science.org SCIENCE 


ILLUSTRATION: HARPER'S NEW MONTHLY MAGAZINE 


such as star and planet alignments, to narrow 
dates further. But timelines remain blurry. 
Egypt’s Old Kingdom era, for example, en- 
compasses dozens of pharaohs who reigned 
from approximately 2700 to 2200 B.C.E. “The 
calendrical dates are not even really known 
to the century,’ Dee says. 

Many native Egyptian tree species don’t 
produce annual growth rings, complicating 
the quest for Miyake events there. But the 
Egyptians imported conifers—which build- 
ers often preferred for their straightness 
and strength—from Lebanon and Syria. The 
pandemic and laws restricting the export 
of Egyptian artifacts have slowed his team’s 
work, Dee says. But he has his sights set on 
discovering a precise date for the construc- 
tion of the Great Pyramid, which was built by 
the Old Kingdom Pharaoh Khufu. “There is 
an old Arab proverb which goes, ‘Man fears 
time; time fears the Pyramids,” Dee says. “If 
this structure, and his reign, could be pre- 
cisely dated, that would solve a mystery that 
has endured since antiquity itself” 

Another floating chronology Dee’s team 
hopes to anchor is the Mesoamerican Long 
Count timekeeping system. Used by the Maya, 
Aztec, and other Mesoamerican civilizations, 
the system counts the days linearly from a 
supposed day of the world’s creation. While 
there have been several attempts to correlate 
the Long Count with the Gregorian calendar, 
academics are still debating the precise cre- 
ation date. Finding a Miyake event in wood 
from a Mesoamerican structure—such as a 
lintel in the Maya temple Tikal in Guatemala, 
whose construction is recorded in the Long 
Count—would settle the matter. 


MIYAKE EVENTS ALSO PROMISE to date natu- 
ral disasters that have altered the course of 
human history. “This technique can help an- 
swer questions about the rise and fall of civi- 
lizations,” Pearson says. 

In 2017, Clive Oppenheimer, a volcanolo- 
gist at University of Cambridge, teamed up 
with Wacker and others to use a Miyake event 
to date a larch tree buried in ash by the so- 
called Millennium eruption of Mount Paektu, 
a volcano straddling the border of China and 
North Korea. Radiocarbon dates pegged the 
eruption—one of the biggest in the past 10,000 
years—to sometime during the ninth to 
11th centuries. Some historians hypothesized 
that the blast led to the fall in 926 C.E. of the 
Bohai Kingdom, which encompassed parts of 
the Korean Peninsula, Northeast China, and 
Russia’s Far East. Oppenheimer and colleagues 
used the 774-75 C.E. Miyake event to date the 
larch’s demise to 946 C.E., exonerating the 
eruption in the kingdom’s collapse. “Thanks 
to the Miyake event, we could really nail it,” 
Oppenheimer says. “With anything that kills 
trees—earthquakes, fires, biological pests— 
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A contemporary magazine 
illustration depicted 
the radiant aura of 1859. 


Past boon, future menace 


iyake events, blasts from the Sun or other stars that deposit spikes of radioac- 

tive carbon in tree rings, illuminate the past. But such a blast could seriously 

disrupt the present. 

The largest solar storm to hit our planet in recorded history was the Car- 

rington Event from 1-2 September 1859, named after a British astronomer who 
linked a massive solar flare others had spotted with the bizarre phenomena that soon 
followed. In the Northern Hemisphere, auroral displays were seen as far south as the 
Caribbean and were so bright in the northeastern United States that people could read 
newspapers at night. Telegraph stations caught fire as transmission wires sizzled under 
a barrage of electrons. Newspapers reported that birds began chirping in the night, and 
gold miners in California woke up in the wee hours to prepare breakfast, confusing the 
bright aurora for daybreak. 

Yet compared with a Miyake event, those two scintillating days in 1859 are “barely 
a blip,” says Charlotte Pearson, a dendrochronologist and radcarbon scientist at the 
University of Arizona. Carbon-14 (#C) records in tree rings from 1859 show virtually no 
upticks—nothing approaching the massive spike caused by Miyake events. 

A solar storm or gamma ray assault on the scale of the 774-75 C.E. event would 
similarly turn the night sky into an awe-provoking swirl of crackling, shimmering light. 
It would also do catastrophic damage to technologies and infrastructure. “We're mas- 
sively vulnerable,” Pearson says. The surge of high-energy particles would fry satellite 
electronics, and astronauts in orbit likely would absorb lethal doses of radiation; even 
airplane passengers might absorb dangerous levels, Miyake says. As Earth's magnetic 
field convulsed under the assault, surges of current would destroy power grids. Nearly 
anything running on electricity—from electric vehicles to cellphones to ventilators— 
would short out. At the very least, we'd experience widespread communications fail- 
ures, she says. 

The grave consequences have scientists trying to discern whether past Miyake events 
follow a pattern or cycle, or whether a future event would blindside us. “The goal is to try 
and understand the frequency and severity of these events with a view to actually do 
some kind of risk assessment,” says physicist Andrew Smith of the Australian Nuclear Sci- 
ence and Technology Organisation. That includes working out how to better shield people 
and equipment on Earth and in space. “Obviously, a big [Miyake] event today would be a 
disaster,” Smith says. “All of our tech would be in a smoking heap overnight.’ —M. P. 
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Droughts are coming on faster 


Higher global temperatures are increasing the frequency of flash droughts 


By David W. Walker! and Anne F. Van Loon? 


roughts are generally considered a 
long and slowly developing climate 
hazard. A persistent lack of rain- 
fall dries out soil and vegetation, 
followed by declining water levels 
in rivers and lakes. Droughts may 
build and endure for years over large areas, 
with snowballing consequences for people 
and the environment. Across the Horn of 
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Africa, for example, rains have failed for six 
consecutive rainy seasons, bringing wide- 
spread food insecurity and mass migration 
(1). Conversely, drought can arise rapidly, 
changing conditions from “normal” to prob- 
lematically dry in a matter of weeks. These 
so-called “flash droughts” are akin to flash 
floods in that they appear suddenly with lit- 
tle warning. Consequently, impacts can be 
severe because there is little time to prepare 
for or deal with such a drought before it is 


too late. On page 187 of this issue, Yuan et 
al. (2) present a prognosis of a global transi- 
tion to more frequent flash droughts. 

As per most droughts, a flash drought is 
triggered by a period of anomalously low 
rainfall, though it is also associated with 
excessively high evaporation (prompted by 
higher temperatures). Therefore, it could 
be expected that as the planet warms, flash 
droughts will become a more common 
threat. Yuan et al. determined that over 
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the past 70 years, the occurrence of flash 
droughts has increased as usually slower- 
onset droughts are coming on faster. The 
authors attribute this trend to anthropo- 
genic climate change. Hence, flash drought 
frequency is likely to further increase in the 
future because droughts almost everywhere 
in the world will have faster onset. 

The term “flash drought” originated in 
the United States in the early 21st century, 
yet flash droughts exist around the world 
with varying characteristics and are suf- 
ficiently well known to local populations 
that they receive local nomenclature, such 
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Parts of Europe weathered a major drought 
in 2022 that devastated crops, such as this 
sunflower field in eastern France. 


as “veranicos” or “veranillos” (“little sum- 
mers”) in Brazil and Central America, re- 
spectively (3, 4). Yuan et al. report that flash 
droughts occur more in humid regions. In 
these areas, sufficient water is available for 
evapotranspiration (transfer of water from 
land surfaces, water bodies, and plants to 
the atmosphere), and when conditions are 
right (low precipitation, high radiation, 
high wind speeds, and low resistance in soil 
or vegetation), a large amount of water can 
evaporate quickly. 

Flash droughts materialize in soil mois- 
ture, quickly affecting soil moisture-depen- 
dent sectors such as agriculture and eco- 
systems. The minimum duration of a flash 
drought that is required to create impacts 
depends on various factors specific to each 
location. Some soils desiccate more rapidly 
than others, some areas have abundant wa- 
ter resources that could provide supplemen- 
tal irrigation, some crops are more resistant 
to water and heat stress, and the proportion 
of populations reliant on agriculture for 
their livelihoods varies greatly between re- 
gions. It also depends on whether the flash 
drought recovers as quickly as it started 
or whether it develops into a normal long 
drought. Thus, the effects of a flash drought 
are clearly not only dependent on the se- 
verity of the drought itself. The hot spot 
regions for flash droughts determined by 
Yuan et al. are mostly found in low- and 
middle-income countries, and these regions 
generally have more vulnerable populations 
and lower financial resources for coping 
mechanisms. This is especially the case in 
arid and semi-arid regions. Although Yuan 
et al. found that flash droughts are more 
likely in the humid tropics, flash drought 
risk could be highest in more arid parts of 
the tropics. 

A flash drought at certain times of year 
will have a much greater impact than at 
other times, according to preceding condi- 
tions and the particular crop growth stage. 
For example, a flash drought lasting mere 
days can substantially affect crop yields 
when it occurs during flowering or pollina- 
tion stages, whereas later in the growing 
season, flash droughts can be beneficial for 
plant growth and fruit ripening (5). It may 
also be the case that a flash drought toward 
the end of the rainy season is less harmful 
because mitigating water resources have 
had time to accumulate. Flash drought 
timing is thus critically related to agricul- 
tural growing seasons, which vary around 
the world. Yuan et al. used a simplified 
version of these growing seasons by us- 


ing April-to-September for the Northern 
Hemisphere and October-to-March for the 
Southern Hemisphere. However, growing 
seasons in the tropics may not correspond 
to these time periods because they are 
more dependent on seasonality in water 
availability than in temperature and radia- 
tion. It would be interesting to investigate 
flash drought trends in realistic growing 
seasons globally. 

To plan adaptation, forecasting, and miti- 
gation strategies, it is necessary to estimate 
the minimum drought duration that gener- 
ates impacts and the associated critical tim- 
ings, in addition to appreciating what other 
consequences arise from flash drought. To 
date, research has dominantly, and _ logi- 
cally, focused on agricultural impacts (6). A 
starting point would be to monitor how so- 
ciety at large is affected by drought, which 
is increasingly recognized as a missing link 
in drought management. The lack of such 
monitoring is true for all drought types and 
is being tackled in various ways, with im- 
pact databases that store information from 
official reports, government-led impact 
monitoring, and crowdsourcing of impact 
information (7, 8). The rapid onset of flash 
droughts and the urgency of impact iden- 
tification and action suggest that real-time 
monitoring of social media traffic should be 
explored more (8). 

An increasingly popular first step in 
drought management around the world 
is establishment of a drought monitor 
that shows the current state of drought 
in a region. The associated drought maps 
are mostly issued monthly, and even then 
after a delay that is needed for analysis 
and computation. Yet flash droughts may 
build and trigger outcomes in just weeks. 
Clearly, as noted by Yuan et al., methods of 
drought detection are needed that operate 
on shorter time scales, and drought maps 
must be updated more frequently. Drought 
is most commonly identified when there 
are deviations in rainfall or when anom- 
alies in vegetation health are detected 
through satellite remote sensing. The lat- 
ter is especially useful in regions of scarce 
on-the-ground meteorological monitoring. 
However, rainfall alone is insufficient to 
identify flash drought, and declining veg- 
etation health may only become apparent 
on satellite imagery once it is already too 
late to act. Closely monitoring soil mois- 
ture and evapotranspiration at the daily 
(or ideally subdaily) scale successfully 
identified flash droughts weeks earlier 
than the US Drought Monitor system (9). 

Unfortunately, the crucial data for flash 
drought identification—soil moisture and 
actual evapotranspiration—are hard to ob- 
tain. Most observation methods measure 
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at a single point in space that is not rep- 
resentative for a larger area. Satellite soil 
moisture estimates provide global-scale 
data, although satellite sensors only reach 
the upper few centimeters of the soil, not 
the deeper soil layers also important for the 
development of flash droughts (J0). Global 
land surface models provide data on soil 
moisture for the past (reanalysis data) and 
the future. For deeper soil layers, Yuan et al. 
used a model that simulates soil moisture 
up to a depth of 1 meter. This model type 
performs relatively well compared with ob- 
servations (17), although studies also show 
that in these models, evapotranspiration 
processes draw water mostly from shal- 
low soil and canopy storage and not from 
deeper soil moisture. This results in lower 
evapotranspiration values, especially in 
mid-latitude regions (12). This may indicate 
that the flash drought frequency results of 
Yuan et al. could be an underestimate for 
the mid-latitudes. 

Therefore, the warning of Yuan et al. that 
the warming planet faces an increase in fre- 
quency of these extreme events should be 
taken seriously because in both the tropics 
and the mid-latitudes, the threat may be 
even greater than they suggest. With less 
time to prepare for flash droughts, proac- 
tive adaptation is required rather than more 
costly reactive drought management. 


REFERENCES AND NOTES 


1. United Nations High Commissioner for Refugees 
(UNHCR), “As the Horn of Africa drought enters a sixth 
failed rainy season, UNHCR calls for urgent assistance, 
28 February 2023” (UNHACR, 2023); https://www. 
unhcr.org/news/briefing/2023/2/63fdbcee4/horn- 
africa-drought-enters-sixth-failed-rainy-season-unhcr- 
calls-urgent.html. 

. X.Yuanetal., Science 380, 187 (2023). 

. A.R.Magalhaes, M.H. Glantz, “Socioeconomic impacts 
of climate variations and policy responses in Brazil” 
(United Nations Environment Program, Secretariat for 
Planning and Coordination State of Ceara, Esquel Brasil 
Foundation, 1992). 

4. \V.Magafia, J.A.Amador, S. Medina, J. Clim. 12,1577 
(1999). 
5. R.Hamed, A. F.Van Loon, J.Aerts, D. Coumou, Earth Syst. 
Dyn.12,1371(2021). 
6. J.A.Otkinetal., Bull. Am. Meteorol. Soc. 103, E2188 
(2022). 
7. K.Stahletal., Nat. Hazards Earth Syst. Sci.16, 801 
(2016). 
8. K.H. Smith, A.J. Tyre, Z. Tang, M.J. Hayes, F.A.Akyuz, 
Bull. Am. Meteorol. Soc.101, E1801 (2020). 
9. T.W.Ford, D.B. McRoberts, S.M. Quiring, R. E. Hall, 
Geophys. Res. Lett.42,9790 (2015). 
10. A.J.Teuling etal., Nat. Geosci. 3, 722 (2010). 
11. M.Mujumdar et al., J. Hydrol. (Amst.) 597, 126102 
(2021). 
12. J.Dong, F. Lei, W.T. Crow, Nat. Commun. 13, 336 (2022). 


wr 


ACKNOWLEDGMENTS 


The authors thank R. Hamed for providing useful comments 
to adraft version of this Perspective. We are grateful for the 
International Association of Hydrological Sciences Panta Rhei 
Drought in the Anthropocene working group for discussions 
onthis topic over the past years. 


10.1126/science.adh3097 


132 14 APRIL 2023 + VOL 380 ISSUE 6641 


MEDICINE 


Designer bugs as cancer drugs? 


Skin microbiota can be engineered to induce antitumor T cells 


By Sairaj M. Sajjath, Anita Gola, Elaine Fuchs 


uman health relies on carefully tai- 

lored communication between the 

immune system and commensal 

microbiota, a diverse community of 

microorganisms that naturally reside 

in tissues. Several commensal bacte- 
ria trigger antigen-specific T cell responses, 
which help control tissue homeostasis 
(1). Could such interactions be harnessed 
therapeutically, by engineering symbionts 
to prime immunity against designated tar- 
gets? On page 203 of this issue, Chen et al. 
(2) test this hypothesis by customizing the 
skin commensal Staphylococcus epider- 
midis to express a foreign antigen borne 
by melanoma cells. Upon colonization of 
mouse skin, these bacteria substantially 
bolstered organism-wide, T cell-driven at- 
tack of resulting tumors. The findings high- 
light the broader potential of microbiota- 
induced immunity toward host defense and 
open new doors to customized commensal 
bacteria therapies against a myriad of hu- 
man diseases. 

With a growing understanding of the 
microbiota’s central role in optimal tissue 
fitness, strategies have emerged to thera- 
peutically exploit this partnership. These 
primarily involve supplementing hosts 
with beneficial commensal bacteria or their 
metabolic products (3). Although still na- 
scent, such approaches are promising: Food 
supplements that promote a healthy gut 


microbiota can rescue key health outcomes 
in malnourished children, while microbes 
associated with human pathology and 
treatment responsiveness have now been 
discovered for disorders including cancers, 
obesity, and allergies (4-8). 

Concomitantly, it has become appreci- 
ated that individual symbionts can induce 
antigen-specific immune responses that 
dominantly influence tissue states, promot- 
ing such varied processes as inflammation, 
tissue regeneration, and immune tolerance, 
depending on the context (7). Indeed, when 
applied to mouse skin, human isolates of S. 
epidermidis drive locally increased num- 
bers of CD4* (helper) and CD8* (cytotoxic) 
T lymphocytes, which preempt infections 
in colonized tissue through homeostatic 
production of inflammatory cytokines (9). 
Whether such antigen-specific responses 
can be systemically mobilized for targeted 
protective immunity throughout an organ- 
ism had been unexplored until now. 

Chen et al. genetically manipulated S. epi- 
dermidis to encode antigens (either test-case 
ovalbumin peptides or known tumor anti- 
gens) present on mouse melanoma cells. In 
contrast to nonengineered S. epidermidis, 
these modified commensals elicited potent 
T cell responses against both subcutaneous 
melanoma grafts and lung metastases, strik- 
ingly without causing inflammation in the 
skin colonized by the antigen-expressing bac- 
teria. These “designer” commensals even im- 
peded melanoma progression when applied 


Antigen-engineered commensal bacteria 

By genetically engineering the skin commensal Staphylococcus epidermidis to express tumor antigens, 

a robust effector T cell response can be induced without causing inflammation at the site of colonization 

in mice. When tumor cells expressing the same antigens are encountered, these T cells can be mobilized into 
circulation to systemically confer long-term host protection. 
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at a single point in space that is not rep- 
resentative for a larger area. Satellite soil 
moisture estimates provide global-scale 
data, although satellite sensors only reach 
the upper few centimeters of the soil, not 
the deeper soil layers also important for the 
development of flash droughts (J0). Global 
land surface models provide data on soil 
moisture for the past (reanalysis data) and 
the future. For deeper soil layers, Yuan et al. 
used a model that simulates soil moisture 
up to a depth of 1 meter. This model type 
performs relatively well compared with ob- 
servations (17), although studies also show 
that in these models, evapotranspiration 
processes draw water mostly from shal- 
low soil and canopy storage and not from 
deeper soil moisture. This results in lower 
evapotranspiration values, especially in 
mid-latitude regions (12). This may indicate 
that the flash drought frequency results of 
Yuan et al. could be an underestimate for 
the mid-latitudes. 

Therefore, the warning of Yuan et al. that 
the warming planet faces an increase in fre- 
quency of these extreme events should be 
taken seriously because in both the tropics 
and the mid-latitudes, the threat may be 
even greater than they suggest. With less 
time to prepare for flash droughts, proac- 
tive adaptation is required rather than more 
costly reactive drought management. 
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Skin microbiota can be engineered to induce antitumor T cells 
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uman health relies on carefully tai- 

lored communication between the 

immune system and commensal 

microbiota, a diverse community of 

microorganisms that naturally reside 

in tissues. Several commensal bacte- 
ria trigger antigen-specific T cell responses, 
which help control tissue homeostasis 
(1). Could such interactions be harnessed 
therapeutically, by engineering symbionts 
to prime immunity against designated tar- 
gets? On page 203 of this issue, Chen et al. 
(2) test this hypothesis by customizing the 
skin commensal Staphylococcus epider- 
midis to express a foreign antigen borne 
by melanoma cells. Upon colonization of 
mouse skin, these bacteria substantially 
bolstered organism-wide, T cell-driven at- 
tack of resulting tumors. The findings high- 
light the broader potential of microbiota- 
induced immunity toward host defense and 
open new doors to customized commensal 
bacteria therapies against a myriad of hu- 
man diseases. 

With a growing understanding of the 
microbiota’s central role in optimal tissue 
fitness, strategies have emerged to thera- 
peutically exploit this partnership. These 
primarily involve supplementing hosts 
with beneficial commensal bacteria or their 
metabolic products (3). Although still na- 
scent, such approaches are promising: Food 
supplements that promote a healthy gut 


microbiota can rescue key health outcomes 
in malnourished children, while microbes 
associated with human pathology and 
treatment responsiveness have now been 
discovered for disorders including cancers, 
obesity, and allergies (4-8). 

Concomitantly, it has become appreci- 
ated that individual symbionts can induce 
antigen-specific immune responses that 
dominantly influence tissue states, promot- 
ing such varied processes as inflammation, 
tissue regeneration, and immune tolerance, 
depending on the context (7). Indeed, when 
applied to mouse skin, human isolates of S. 
epidermidis drive locally increased num- 
bers of CD4* (helper) and CD8* (cytotoxic) 
T lymphocytes, which preempt infections 
in colonized tissue through homeostatic 
production of inflammatory cytokines (9). 
Whether such antigen-specific responses 
can be systemically mobilized for targeted 
protective immunity throughout an organ- 
ism had been unexplored until now. 

Chen et al. genetically manipulated S. epi- 
dermidis to encode antigens (either test-case 
ovalbumin peptides or known tumor anti- 
gens) present on mouse melanoma cells. In 
contrast to nonengineered S. epidermidis, 
these modified commensals elicited potent 
T cell responses against both subcutaneous 
melanoma grafts and lung metastases, strik- 
ingly without causing inflammation in the 
skin colonized by the antigen-expressing bac- 
teria. These “designer” commensals even im- 
peded melanoma progression when applied 


Antigen-engineered commensal bacteria 

By genetically engineering the skin commensal Staphylococcus epidermidis to express tumor antigens, 

a robust effector T cell response can be induced without causing inflammation at the site of colonization 

in mice. When tumor cells expressing the same antigens are encountered, these T cells can be mobilized into 
circulation to systemically confer long-term host protection. 
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therapeutically (i.e., after tumor engraft- 
ment) and synergized strongly with immune 
checkpoint blockade to eliminate tumors and 
provide lasting protection against rechal- 
lenge. Thus, commensal-induced immunity 
might safely and systemically protect hosts 
against targets of choice (see the figure). 

What dictates an effective commensal- 
guided response? At the heart of S. epi- 
dermidis-mediated protection was robust 
T cell activation. Melanoma cell killing re- 
quired priming of both helper and cytotoxic 
T cells, each of which produced the proin- 
flammatory cytokine interferon-y (IFN-y) 
in response to tumors. How other com- 
mensals, antigens, and sites of colonization 
may alter these responses is open for future 
study, where the blueprint established by 
Chen e¢ al. will be a helpful guide. 

Intriguingly, the antitumor T cells that 
had been primed by engineered S. epi- 
dermidis further displayed a shift from 
lymph-restricted “central memory” to tissue- 
homing “effector memory” phenotypes. Still 
unknown are the spatial and temporal dy- 
namics of how these T cells can be activated, 
trafficked, and differentiated toward distinct 
memory states. Wild-type S. epidermidis was 
previously shown to generate skin-resident 
memory T cells during homeostasis, which 
were largely restricted to sites of coloniza- 
tion (10). Are these same programs co-opted 
to drive antitumor responses, and if so, how 
do they become endowed with migratory ca- 
pacity? As T cell functionality is closely linked 
to the strength of antigen recognition, work 
will also be needed to determine whether 
host-derived tumor epitopes with weaker im- 
munogenicity than those used by Chen e¢ al. 
can still drive efficient cytotoxicity. Likewise, 
immune evasion by tumors—for example, 
through down-regulation of antigen process- 
ing and presentation machinery—will be 
critical to address for effective deployment of 
engineered commensal bacteria (11). 

The findings of Chen et al. also raise the 
question of how immunity to the micro- 
biota is compartmentalized in hosts. How 
do engineered commensals prime cytotoxic- 
ity to target sites, such as tumors, without 
disrupting homeostasis in colonized tissue? 
The observed combination of safety and ef- 
ficacy suggests a key role for an intact, non- 
inflamed tissue barrier, which likely affects 
the means and extent to which microbes 
influence their host (12). Potentially central 
in this regard are epithelial cells, which are 
the primary interface between a host and 
its environment, and dendritic cells, which 
directly sample antigens in barrier sites 
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to activate cognate T cells. Although both 
carry a battery of sensors to detect the mi- 
crobiota, how each may regulate cytotoxic- 
ity to associated antigens is still unclear. 

Inflammatory signals can also confer last- 
ing epigenetic “memories” to multiple bar- 
rier constituents, including immune cells 
and long-lived barrier epithelial stem cells 
(72). How might such adaptations be holisti- 
cally orchestrated to shape long-term immu- 
nity to engineered commensals? Elucidating 
these dynamics will offer important insight 
into the normal function of microbiota- 
directed immunity, as well as how this may 
go awry in settings of dysbiosis such as 
chronic inflammation and cancer (J, 3, 73). 

Lastly, although Chen e¢ al. highlight a 
new route to generate robust and specific 
T cell cytotoxicity, it is possible that engi- 
neered commensals might also be used 
to guide tolerogenic responses, especially 
given the intractability of certain autoim- 
mune, allergic, and chronic inflammatory 
diseases. Indeed, many gut commensal 
bacteria can induce immune-suppressive 
regulatory T cells (74, 15), but whether these 
or other symbionts might be repurposed 
toward targeted immune tolerance remains 
to be explored. 

Looking forward, a toolkit of immune- 
modulatory commensal bacteria, express- 
ing antigens, cytokines, and/or metabolites, 
could be coordinately leveraged to treat hu- 
man pathologies. The findings reported by 
Chen et al. present an early but encourag- 
ing strategy to fine-tune immunity against 
cancer by antigen-engineering commensals, 
and highlight a need to continue investigat- 
ing several key aspects of host-microbiota 
relationships that together could pave a 
way to safer, more effective, and widely ap- 
plicable therapeutics. 
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Sleep like a bear 


Reduced expression of a 
platelet protein protects 
against thrombosis during 
chronic immobilization 


By Mirta Schattner 


eep vein thrombosis (DVT) is a com- 

mon feature of short-term immobi- 

lization, which occurs, for example, 

for patients with acute paralysis. 

However, in chronic immobilization— 

e.g., owing to spinal cord injury 
(SCI)—the incidence of DVT equals that in 
the general population (J). The mechanisms 
that protect against DVT during chronic im- 
mobilization in SCI patients are unknown. 
On page 178 of this issue, Thienel e¢ al. (2) 
report an analysis of the thromboinflamma- 
tory machinery in hibernating brown bears 
(Ursus arctos), which rarely suffer from DVT 
despite 6 months of immobilization during 
hibernation (3). They found that platelets 
from hibernating bears exhibit an antithrom- 
botic signature characterized by decreased 
expression of heat shock protein 47 (HSP47) 
and overall reduced biomarkers of throm- 
boinflammation compared with those of ac- 
tive brown bears. Further, this signature is 
conserved across different animal species, 
including mice, pigs, and humans, suggest- 
ing that this could be a therapeutic target to 
reduce DVT in immobilized patients. 

Venous thromboembolism (VTE) is a car- 
diovascular disorder that encompasses two 
related conditions that are part of the same 
spectrum, namely DVT and pulmonary em- 
bolism. The spectrum of disease ranges from 
clinically unsuspected to clinically insignifi- 
cant to massive embolism resulting in death. 
With an estimated incidence rate of 1 to 2 per 
1000 persons per year, it is the third leading 
vascular disease after myocardial infarction 
and stroke and is a substantial contributor to 
the global burden of disease (4). 

The pathophysiology of VTE is thought to 
be triggered by several factors, most notably 
the aberrant interplay between the endothe- 
lium, coagulation cascade, platelets, and the 
immune system. This thromboinflammation 
process can occur in sterile or infectious in- 
flammatory states (5). Platelet activation was 
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therapeutically (i.e., after tumor engraft- 
ment) and synergized strongly with immune 
checkpoint blockade to eliminate tumors and 
provide lasting protection against rechal- 
lenge. Thus, commensal-induced immunity 
might safely and systemically protect hosts 
against targets of choice (see the figure). 

What dictates an effective commensal- 
guided response? At the heart of S. epi- 
dermidis-mediated protection was robust 
T cell activation. Melanoma cell killing re- 
quired priming of both helper and cytotoxic 
T cells, each of which produced the proin- 
flammatory cytokine interferon-y (IFN-y) 
in response to tumors. How other com- 
mensals, antigens, and sites of colonization 
may alter these responses is open for future 
study, where the blueprint established by 
Chen e¢ al. will be a helpful guide. 

Intriguingly, the antitumor T cells that 
had been primed by engineered S. epi- 
dermidis further displayed a shift from 
lymph-restricted “central memory” to tissue- 
homing “effector memory” phenotypes. Still 
unknown are the spatial and temporal dy- 
namics of how these T cells can be activated, 
trafficked, and differentiated toward distinct 
memory states. Wild-type S. epidermidis was 
previously shown to generate skin-resident 
memory T cells during homeostasis, which 
were largely restricted to sites of coloniza- 
tion (10). Are these same programs co-opted 
to drive antitumor responses, and if so, how 
do they become endowed with migratory ca- 
pacity? As T cell functionality is closely linked 
to the strength of antigen recognition, work 
will also be needed to determine whether 
host-derived tumor epitopes with weaker im- 
munogenicity than those used by Chen e¢ al. 
can still drive efficient cytotoxicity. Likewise, 
immune evasion by tumors—for example, 
through down-regulation of antigen process- 
ing and presentation machinery—will be 
critical to address for effective deployment of 
engineered commensal bacteria (11). 

The findings of Chen et al. also raise the 
question of how immunity to the micro- 
biota is compartmentalized in hosts. How 
do engineered commensals prime cytotoxic- 
ity to target sites, such as tumors, without 
disrupting homeostasis in colonized tissue? 
The observed combination of safety and ef- 
ficacy suggests a key role for an intact, non- 
inflamed tissue barrier, which likely affects 
the means and extent to which microbes 
influence their host (12). Potentially central 
in this regard are epithelial cells, which are 
the primary interface between a host and 
its environment, and dendritic cells, which 
directly sample antigens in barrier sites 
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to activate cognate T cells. Although both 
carry a battery of sensors to detect the mi- 
crobiota, how each may regulate cytotoxic- 
ity to associated antigens is still unclear. 

Inflammatory signals can also confer last- 
ing epigenetic “memories” to multiple bar- 
rier constituents, including immune cells 
and long-lived barrier epithelial stem cells 
(72). How might such adaptations be holisti- 
cally orchestrated to shape long-term immu- 
nity to engineered commensals? Elucidating 
these dynamics will offer important insight 
into the normal function of microbiota- 
directed immunity, as well as how this may 
go awry in settings of dysbiosis such as 
chronic inflammation and cancer (J, 3, 73). 

Lastly, although Chen e¢ al. highlight a 
new route to generate robust and specific 
T cell cytotoxicity, it is possible that engi- 
neered commensals might also be used 
to guide tolerogenic responses, especially 
given the intractability of certain autoim- 
mune, allergic, and chronic inflammatory 
diseases. Indeed, many gut commensal 
bacteria can induce immune-suppressive 
regulatory T cells (74, 15), but whether these 
or other symbionts might be repurposed 
toward targeted immune tolerance remains 
to be explored. 

Looking forward, a toolkit of immune- 
modulatory commensal bacteria, express- 
ing antigens, cytokines, and/or metabolites, 
could be coordinately leveraged to treat hu- 
man pathologies. The findings reported by 
Chen et al. present an early but encourag- 
ing strategy to fine-tune immunity against 
cancer by antigen-engineering commensals, 
and highlight a need to continue investigat- 
ing several key aspects of host-microbiota 
relationships that together could pave a 
way to safer, more effective, and widely ap- 
plicable therapeutics. 
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Sleep like a bear 


Reduced expression of a 
platelet protein protects 
against thrombosis during 
chronic immobilization 


MEDICINE 


By Mirta Schattner 


eep vein thrombosis (DVT) is a com- 

mon feature of short-term immobi- 

lization, which occurs, for example, 

for patients with acute paralysis. 

However, in chronic immobilization— 

e.g., owing to spinal cord injury 
(SCI)—the incidence of DVT equals that in 
the general population (J). The mechanisms 
that protect against DVT during chronic im- 
mobilization in SCI patients are unknown. 
On page 178 of this issue, Thienel e¢ al. (2) 
report an analysis of the thromboinflamma- 
tory machinery in hibernating brown bears 
(Ursus arctos), which rarely suffer from DVT 
despite 6 months of immobilization during 
hibernation (3). They found that platelets 
from hibernating bears exhibit an antithrom- 
botic signature characterized by decreased 
expression of heat shock protein 47 (HSP47) 
and overall reduced biomarkers of throm- 
boinflammation compared with those of ac- 
tive brown bears. Further, this signature is 
conserved across different animal species, 
including mice, pigs, and humans, suggest- 
ing that this could be a therapeutic target to 
reduce DVT in immobilized patients. 

Venous thromboembolism (VTE) is a car- 
diovascular disorder that encompasses two 
related conditions that are part of the same 
spectrum, namely DVT and pulmonary em- 
bolism. The spectrum of disease ranges from 
clinically unsuspected to clinically insignifi- 
cant to massive embolism resulting in death. 
With an estimated incidence rate of 1 to 2 per 
1000 persons per year, it is the third leading 
vascular disease after myocardial infarction 
and stroke and is a substantial contributor to 
the global burden of disease (4). 

The pathophysiology of VTE is thought to 
be triggered by several factors, most notably 
the aberrant interplay between the endothe- 
lium, coagulation cascade, platelets, and the 
immune system. This thromboinflammation 
process can occur in sterile or infectious in- 
flammatory states (5). Platelet activation was 
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INSIGHTS | PERSPECTIVES 


Protection from venous blood clots 


Platelet heat shock protein 47 (HSP47) contributes to blood clot formation by recruiting thrombin to 
platelets and triggering their aggregation and by activating polymorphonuclear leukocytes (PMNs). The latter 
generates neutrophil extracellular traps (NETs) comprising DNA and proteins that provide a scaffold for red 
blood cells, platelets, and procoagulant molecules. The expression of HSP47 is down-regulated during chronic 
immobilization, which protects against thromboinflammation and clot formation. 
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ROS, reactive oxygen species; TLR2, Toll-like receptor 2. 


considered critical for arterial thrombosis, 
whereas hypercoagulation—not_ platelets— 
was thought to be the main trigger for the 
development of VTE. However, with the dis- 
covery of the thromboinflammation pathway 
over the past two decades, this vascular para- 
digm has changed, and platelets, particularly 
their interaction with inflammatory neutro- 
phils and monocytes, are increasingly recog- 
nized as key factors in VTE (4). Among the 
various risk factors involved in the develop- 
ment of VTE, short-term immobility-related 
conditions predominate. VTE associated with 
immobility is triggered by restriction of ve- 
nous blood flow, which leads to hypoxia of 
endothelial cells, and by recruitment of plate- 
lets and neutrophils, which generate extra- 
cellular DNA traps [neutrophil extracellular 
traps (NETs)] composed of DNA, histones, 
and antimicrobial proteins. NETs provide a 
scaffold for red blood cells, platelets, and pro- 
coagulant molecules that play key roles in the 
development of thromboinflammation (5). 
HSPs are highly conserved molecular 
chaperones that support cellular functions 
during homeostasis and under environmen- 
tal stress conditions. In addition, HSPs are 
secreted into the extracellular space and 
blood and can regulate inflammation and 
immune responses. HSP47 is mainly found 
in collagen-producing cells and contributes 
to the stabilization of the triple helix struc- 
tures of procollagen. Although platelets do 
not produce collagen, they interact with 
subendothelial matrix collagen, which is ex- 
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Venous thrombosis 


posed upon vessel wall injury and facilitates 
thrombus formation. Surface-bound HSP47 
was previously identified in platelets as a 
key mediator of hemostasis that stabilizes 
collagen-induced platelet adhesion and pro- 
motes aggregation and thrombus formation 
(6). Thienel et al. extended these findings by 
showing that human platelet HSP47 facili- 
tates the binding of thrombin, which triggers 
platelet aggregation and granule secretion, 
as well as the formation of platelet-neutro- 
phil aggregates and the formation of NETs. 
Moreover, they showed that HSP47 binds to 
neutrophil Toll-like receptor 2 (TLR2), lead- 
ing to the production of intracellular reactive 
oxygen species, increased expression of the 
integrin CD11b, and formation of NETs in a 
platelet-independent manner (see the figure). 

Platelets are the main circulating cells 
that contribute to the formation of NETs. 
Platelet-neutrophil close contact (mediated 
by membrane cell adhesion molecules as 
well as the release of soluble factors in the 
synapses of both cells) is required for NET 
generation (7). Thienel et al. showed that the 
interplay between platelets and neutrophils 
is one of the main causes of thrombogenic 
differences in acute and chronic immobi- 
lization. They found that significantly re- 
duced expression of HSP47 in hibernating 
bears and SCI patients correlates with a de- 
creased effector response between platelets 
and neutrophils, resulting in the absence 
of a prothrombotic state despite long-term 
immobilization. Moreover, platelet HSP47 


expression in healthy individuals decreased 
substantially after 27 days of voluntary bed 
rest. This suggests that the HSP47-TLR2 
axis is a promising target to prevent throm- 
boinflammation during immobilization. 

However, it is important to consider that 
this study was conducted in immobilized, 
otherwise healthy chronic SCI patients and 
healthy volunteers. Acute immobilization- 
associated VTE usually occurs in patients 
who have other predisposing cardiovascular 
risk factors or acute illness, such as trauma 
or infection. Do these prothrombotic condi- 
tions overcome the effects of reduced HSP47 
expression? Moreover, thromboinflamma- 
tion and VTE may occur not only in immobi- 
lization but also in other clinical conditions, 
such as diabetes, cancer, and autoimmune 
diseases. Could HSP47 be a biomarker for 
the occurrence of VTE in these diseases? 
Strenuous physical exercise has been linked 
to the appearance of DVT in the upper limbs 
(8) as well as in the lower limbs of marathon 
athletes (9). If HSP47 expression is down- 
regulated under immobile conditions, how 
does intense exercise affect its expression? 
Another feature of thromboinflammation 
is the decreased antithrombotic and anti- 
inflammatory activity of the endothelium, 
mainly resulting from its interaction with ac- 
tivated platelets and neutrophils (70). Because 
there is virtually no therapy to prevent this 
endothelial dysfunction, it would be interest- 
ing to investigate whether platelet HSP47 can 
modulate endothelial cell activation. 

Notably, much more is known about 
the risk factors and molecules that trigger 
thrombosis than about the protective mech- 
anisms. Identifying signaling pathways that 
down-regulate prothrombotic and/or up- 
regulate thromboprotective molecules will 
not only enable us to complement existing 
therapies for the prevention of DVT in the 
various thromboinflammatory diseases but 
also to select safer targets with less host im- 
pact. The study by Thienel et al. shows that 
looking at nature can be a good way to learn 
about human biology. 
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A mechanically one-way material 


A material with asymmetric mechanical responses offers 


diverse potential applications 


By Bohan Sun’? and Sung Hoon Kang? 


echanical movement or energy, in 

the form of wind (1), waves (2), and 

vibration (3), is abundant. However, 

most of this energy is scarcely 

used for reasons that include diffi- 

culty of collection or manipulation. 
Furthermore, unwanted propagation of me- 
chanical energy can result in detrimental 
effects, including sound pollution, injury to 
humans, and damage to vehicles and infra- 
structures. But what if mechanical energy 
could be controlled or used through materi- 
als that allow preferential transport of me- 
chanical energy in a particular direction? 
On page 192 of this issue, Wang et al. (4) 
report such a material that shows different 
mechanical responses based on the loading 
direction (“nonreciprocity”). This could open 
doors for applications in guiding, controlling, 
and damping mechanical energies, allowing, 
for example, guided sound propagation, di- 
rectional mass transport or concentration of 
mechanical energy using random mechanical 
movement, and the ability to steer away from 
impact, earthquake, or vibration. 

Recently, there has been keen interest in 
nonreciprocal properties in various fields, in- 
cluding optics (5), acoustics (6), quantum sys- 
tems (7), and mechanics (8), because they can 
provide distinct capabilities such as one-way 
light propagation, unidirectional acoustic 
isolation, single-directional wave amplifica- 
tion, and one-way mechanical wave trans- 
mission. Although nonreciprocal mechanical 
behaviors have been demonstrated as a struc- 
ture or a system, using a fishbone structure 
(8) or a “robotic” unit consisting of beams, 
sensor, motor, and microcontroller (9), it has 
been challenging to realize such behaviors in 
a material owing to the intricacy of current 
approaches that are required to achieve me- 
chanical nonreciprocity. Realizing nonrecip- 
rocal materials without a complex structure 
or using a system approach can provide good 
designability so that parts can be made in any 
shape and can be assembled as needed. Wang 
et al. realized nonreciprocal materials by 
embedding aligned thin sheets of graphene 
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oxide in a water-based gel (hydrogel). The 
oriented graphene oxide thin sheets switch 
between two different microstructures [un- 
buckled versus buckled state (J0)] with cor- 
responding different mechanical properties, 
based on the loading direction. 

To understand why the mechanical prop- 
erties change depending on the loading di- 
rection, imagine a sheet of paper. If you hold 
the paper with two hands and push along 
the plane of the paper, it easily bends out of 
plane, that is, it buckles under the compres- 
sive force. However, if you try to stretch the 
paper, it is difficult to do and it stays in the 
unbuckled state under tensile force. Likewise, 
when a force is applied to the nonreciprocal 
gel from right to left, the compressive force 
is applied to the inclined graphene oxide 
sheets, leading to buckling of the sheets and 


“This could open doors for 
applications in guiding, 
controlling, and damping 


mechanical energies... 


easy deformation along the force direction. 
But, if the force is applied from the opposite 
direction, the graphene oxide sheets need 
to be stretched, thus it is difficult to deform 
along the opposite direction. 

Nonreciprocal properties endow materi- 
als with the ability to transform symmetric 
mechanical stimuli into an asymmetric re- 
sponse. Thus, nonreciprocal properties can 
open new opportunities where mechanical 
motion or energy exists—including mass 
transport, energy harvesting, and protec- 
tion—because they can facilitate the steering 
of mechanical energy. Wang et al. demon- 
strated intriguing applications of harnessing 
nonreciprocity for generating mass transport 
in a desired direction such as horizontal, ro- 
tational, and even vertical directions against 
gravity by using symmetric vibrations. When 
symmetric vibrations were applied, the result- 
ing deformation switched between large and 
small depending on the loading direction. As 
a result, there was a net directional move- 
ment, showing an asymmetric mechanical 
response. Because the nonreciprocal material 
is made of a hydrogel, it is soft and flexible. 
Such characteristics can be useful for wear- 


@ 
able devices and in aquatic environm« cigs 
Additionally, Wang et al. showed that Wien 
Caenorhabditis elegans (a nematode that has 
been studied as a model of development and 
behavior) were placed on the nonrecipro- 
cal gel, they exhibited directional migration 
without any gradient stimuli, showing poten- 
tial to control their behavior. 

Beyond the demonstration by Wang et al., 
nonreciprocal mechanical properties could 
be useful for protecting objects—including 
human tissues, sensitive equipment, or build- 
ings—by minimizing impact or vibration en- 
ergy transfer. Such materials can also find 
applications in focusing mechanical energy 
by guiding it to the desired direction to am- 
plify the mechanical energy or harvest it as 
another form of energy, for example, electric- 
ity using piezoelectric materials that convert 
mechanical energy into electrical energy (17). 

The future research opportunities for non- 
reciprocal materials include scalability, pro- 
grammability, material palette, and tunabil- 
ity. To use nonreciprocal materials in a wider 
range of applications, a more scalable synthe- 
sis approach would be beneficial. In the study 
of Wang e¢ al., nonreciprocity is realized for 
limited types of simple loading conditions 
such as shear or symmetric vibration along 
a specific direction. Realizing nonreciprocal 
materials for complex loading conditions, 
such as from any random direction, would ex- 
pand the potential applications. In addition, 
the study of Wang et al. was based on ma- 
terials with limited load-bearing capability, 
which can fail easily and lose their properties 
owing to evaporation of water. Realizing non- 
reciprocal materials with good load-bearing 
capability and in a solvent-free system could 
be useful for structural applications in the 
ambient environment. Finally, the ability to 
switch between reciprocal and nonreciprocal 
properties could further expand the capabil- 
ity to control mechanical behaviors because 
such materials could pass or block mechani- 
cal energy on demand. Nonreciprocal materi- 
als can lead us in exciting new directions that 
could only be imagined before. 
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Rethink reporting of evaluation results in Al 


Aggregate metrics and lack of access to results limit understanding 
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rtificial intelligence (AI) systems have 

begun to be deployed in high-stakes 

contexts, including autonomous driv- 

ing and medical diagnosis. In contexts 

such as these, the consequences of 

system failures can be devastating. It 
is therefore vital that researchers and policy- 
makers have a full understanding of the ca- 
pabilities and weaknesses of AI systems so 
that they can make informed decisions about 
where these systems are safe to use and how 
they might be improved. Unfortunately, cur- 
rent approaches to AI evaluation make it 
exceedingly difficult to build such an under- 
standing, for two key reasons. First, aggre- 
gate metrics make it hard to predict how a 
system will perform in a particular situation. 
Second, the instance-by-instance evaluation 
results that could be used to unpack these 
aggregate metrics are rarely made avail- 
able (7). Here, we propose a path forward in 
which results are presented in more nuanced 
ways and instance-by-instance evaluation re- 
sults are made publicly available. 

Across most areas of AI, system evalu- 
ations follow a similar structure. A sys- 
tem is first built or trained to perform a 
particular set of functions. Then, the per- 
formance of the system is tested on a set 
of tasks relevant to the desired function- 
ality of the system. In many areas of AI, 
evaluations use standardized sets of tasks 
known as “benchmarks.” For each task, the 
system will be tested on a number of ex- 
ample “instances” of the task. The system 
would then be given a score for each in- 
stance based on its performance, e.g., 1 if 
it classified an image correctly, or O if it 


was incorrect. For other systems, the score 
for each instance might be based on how 
quickly the system completed its task, the 
quality of its outputs, or the total reward 
it obtained. Finally, performance across 
the various instances and tasks is usually 
aggregated to a small number of metrics 
that summarize how well the system per- 
formed, such as percentage accuracy. 

But aggregate metrics limit our insight 
into performance in particular situations, 
making it harder to find system failure 
points and robustly evaluate system safety. 
This problem is also worsening as the 
increasingly broad capabilities of state- 
of-the-art systems necessitate ever more 
diverse benchmarks to cover the range of 
their capabilities. This problem is further 
exacerbated by a lack of access to the in- 
stance-by-instance results underlying the 
aggregate metrics, making it difficult for 
researchers and policy-makers to further 
scrutinize system behavior. 


AGGREGATE METRICS 
Use of aggregate metrics is understandable. 
They provide information about system per- 
formance “at a glance” and allow for simple 
comparisons across systems. But aggregate 
performance metrics obfuscate key infor- 
mation about where systems tend to suc- 
ceed or fail (2). Take, for example, a system 
that was trained to classify faces as male or 
female that achieved classification accuracy 
of 90% (3). Based on this metric, the sys- 
tem appears highly competent. However, a 
subsequent breakdown of performance re- 
vealed that the system misclassified females 
with darker skin types a staggering 34.5% 
of the time, while erring only 0.8% of the 
time for males with lighter skin types. This 
example demonstrates how aggregation can 
make it difficult for policymakers to deter- 
mine the fairness and safety of AI systems. 
Compounding this problem, many 
benchmarks include disparate tasks that 
are ultimately aggregated together. For 


example, the Beyond the Imitation Game 
Benchmark (BIG-bench) for language 
models includes over 200 tasks that evalu- 
ate everything from language understand- 
ing to causal reasoning (4). Aggregating 
across these disparate tasks—as the BIG- 
bench leaderboard does—reduces the rich 
information in the benchmark to an over- 
all score that is hard to interpret. 

It is also easy for aggregation to introduce 
unwarranted assumptions into the evalu- 
ation process. For example, a simple aver- 
age across tasks implicitly treats every task 
as equally important—in the case of BIG- 
bench, a sports understanding task has as 
much bearing on the overall score as a causal 
reasoning task. These aggregation decisions 
have huge implications for the conclusions 
that are drawn about system capabilities, yet 
are seldom considered carefully or explained. 

Aggregate metrics depend not only on 
the capability of the system but also on 
the characteristics of the instances used 
for evaluation. If the gender classifica- 
tion system above were reevaluated by us- 
ing entirely light-skinned faces, accuracy 
would skyrocket, even though the system’s 
ability to classify faces has not changed. 
Aggregate metrics can easily give false im- 
pressions about capabilities when a bench- 
mark is not well constructed. 

Problems and trade-offs that arise when 
considering aggregate versus granular data 
and metrics are not specific to AI, but they 
are exacerbated by the challenges inherent 
in AI research and the research practices 
of the field. For example, machine learn- 
ing evaluations usually involve randomly 
splitting data into training, validation, and 
test sets. An enormous amount of data is re- 
quired to train state-of-the-art systems, so 
these datasets are often poorly curated and 
lack the detailed annotation necessary to 
conduct granular analyses. In addition, the 
research culture in AI is centered around 
outdoing the current state-of-the-art per- 
formance, as evidenced by the many lea- 


1Leverhulme Centre for the Future of Intelligence, University of Cambridge, Cambridge, UK. Valencian Research Institute for Artificial Intelligence, Universitat Politécnica de Valencia, Valéncia, 
Spain. *Centre for the Study of Existential Risk, University of Cambridge, Cambridge, UK.*Department of Psychology, Harvard University, Cambridge, MA, USA.°Department of Brain and 
Cognitive Sciences, Massachusetts Institute of Technology, Cambridge, MA, USA. ‘Department of Psychology, University of Cambridge, Cambridge, UK. Brain team, Google, Mountainview, 

CA, USA. ®Santa Fe Institute, Santa Fe, NM, USA.°Stanford University, Stanford, CA, USA.!°DeepMind, London, UK."Department of Computing, Imperial College London, London, UK.'’National 
Institute of Standards and Technology (Retired), Gaithersburg, MD, USA. “School of Computing, University of Leeds, Leeds, UK. “Alan Turing Institute, London, UK. Tongji University, Shanghai, 
China. !®Shandong University, Jinan, China. Email: rb967@cam.ac.uk 


136 14 APRIL 2023 « VOL 380 ISSUE 6641 


science.org SCIENCE 


derboards, competitions, and challenges 
that offer prestige or monetary prizes (5). 
This research culture emphasizes aggre- 
gate metrics and incentivizes immediate 
publication of new findings at the expense 
of robust evaluation practices. In addition, 
the strict space restrictions and fast turn- 
around times enforced by high-impact AI 
conferences disincentivize researchers from 
reporting results in a granular way. Finally, 
the primary focus of most publications in 
AI is not the experimental results them- 
selves but the new algorithms or techniques 
being evaluated. As a result, less attention 
has been paid in AI to issues around exper- 
imental design and reporting than in other 
fields such as psychology or physics. 


INSTANCE-BY-INSTANCE EVALUATION 
There are many situations in which the 
community might want to conduct analy- 
ses that go beyond those reported in a pa- 
per. For example, researchers often seek to 
investigate the extent to which AI systems 
are biased against minority or disadvan- 
taged populations. It is also frequently 
useful to scrutinize patterns of perfor- 
mance to debug systems or to determine 
their safety in a particular deployment 
context. Moreover, in areas such as robot- 
ics and reinforcement learning, examining 
the trajectory of a system or its sequence of 
actions can help researchers better under- 
stand a system’s strategy. 

These supplemental evaluations often 
require access to the instance-by-instance 
evaluation results (i.e., the outputs and 
scores of the systems for each instance). But 
these results are rarely made available—one 
recent analysis found that only 4% of papers 
in top AI venues fully report the evaluation 
results (7). As systems and benchmarks con- 
tinue to grow in size and complexity, it is be- 
coming increasingly costly for researchers 
to recreate results by conducting their own 
evaluations. The result is that researchers 
and policy-makers are increasingly forced 
to take reported results at face value or to 
incur substantial and unnecessary costs 
just to recreate them. 


A PATH FORWARD 
To address these problems, we propose a 
broad set of solutions (see the box). 


Moving beyond aggregate metrics 

It is important that in-depth performance 
breakdowns are presented instead of, or 
alongside, aggregate metrics. Breakdowns 
can be created by identifying features of 
the problem space that might be relevant 
to performance and using those features 
to analyze, visualize, and predict perfor- 
mance (6). These kinds of granular analy- 
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Guidelines for robust 
evaluation practices 


We recommend that researchers and 
organizations adopt these guidelines 
to make it easier for the community 
to understand system capabilities and 
conduct follow-up analyses. 


1. Wherever possible, reporting of sys- 
tem performance should be granu- 
lar, with breakdowns across features 
of the problem space that have been 
either hypothesized or empirically 
shown to affect performance. Aggre- 
gation decisions should be clearly 
explained, and analyses conducted 
to explore system performance 
should be described. 


2. Benchmarks should be designed 
to test specific capabilities and to 
systematically vary on important 
features of the problem space. 
Benchmark instances should be 
annotated to allow for granular 
analyses to be conducted. 


3. All recorded evaluation results (e.g., 
success or failure, response time, 
partial or full trace, cumulative 
reward) for each system on each 
instance should be made available. 
These data can be reported in sup- 
plementary materials or uploaded to 
a public repository. In cases of cross 
validation or hyper-parameter op- 
timization, results should ideally be 
reported for each run and validation 
split separately. 


4. To enable researchers to conduct 
follow-up analyses, information 
about each test instance used in an 
evaluation should be made available, 
including data labels and all anno- 
tated features of those instances. 


ses are not yet widely employed. However, 
researchers focused on system robustness 
and fairness have begun to demonstrate 
how valuable they can be. 

For example, granular analyses can help 
researchers explore the concepts that a 
system has learned. Researchers examined 
the patterns of errors made by systems on 
a spatial reasoning benchmark designed to 
vary systematically on important features 
of the problem space (7). The researchers 
found that the systems performed much 
worse on problems involving the concept 
of “boundary” than on problems involving 
the concepts of “top” or “bottom,” suggest- 


ing that the abstract concept of boundary 
is more difficult for systems to learn. 

Instance-level analyses are essential for 
identifying “Clever Hans” phenomena in 
which a system can perform well by rely- 
ing on unintended patterns in the dataset. 
For example, a computer vision system 
that was excellent at classifying images 
into categories such as “ship” or “horse” 
(8) was ultimately shown to have not really 
learned to identify ships or horses. Instead, 
it had learned to distinguish categories 
based on the surrounding background or 
watermarks naming the source of the im- 
age—features that the system could not 
rely on in the real world. 

Granular analyses can also allow for 
more meaningful comparisons between AI 
systems and humans. For example, though 
an AI system was better overall at breast 
cancer screening than six human radiol- 
ogists (9), an in-depth error breakdown 
showed that the AI system failed to detect 
various cancers that were detected by all 
six radiologists. These errors could not be 
easily explained by the researchers, sug- 
gesting that further investigation is needed 
to understand how the system detects can- 
cers and why it failed in these cases. These 
findings demonstrate the complementary 
value of human and AI screenings in a way 
that aggregate metrics could not. 

Of course, granular analysis approaches 
are not without their challenges. Annotating 
the features of each instance can be labor 
intensive. Granular reporting usually needs 
more space in publications, although detailed 
breakdowns can be provided in supplemen- 
tary materials or online. Granular analyses 
also often involve slicing the data into smaller 
pieces, so care must be taken to ensure that 
findings are not simply artifacts of the data. 
These issues can be avoided by including a 
large and diverse range of instances, con- 
trolling for multiple comparisons, and spec- 
ifying important features a priori where 
possible. Finally, deciding which features to 
include in performance breakdowns takes 
time, thought, and expertise. Rigorous theo- 
retical and empirical work may be needed to 
build an understanding of the problem space. 
Data-driven approaches can help with this 
process—regression analyses or deep-learn- 
ing models can be used to identify features 
that are predictive of performance. 

Ultimately, the best way of present- 
ing evaluation results will depend on the 
context. The costs of performing granular 
analyses must be weighed against the po- 
tential consequences of system failures, 
and there is no one-size-fits-all solution. 
But we think that a shift toward more 
granular reporting would be a win-win 
situation for developers and the wider 
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community in most subdisciplines of AI. 
Granular analyses would help develop- 
ers pinpoint system weaknesses to guide 
improvements and _ avoid potentially 
catastrophic failures. Granular reporting 
would ease the evaluation burden that is 
currently placed on external groups such 
as algorithmic justice organizations, which 
often lack the resources and expertise to 
evaluate systems in detail. 

These changes to reporting must go hand 
in hand with changes to how benchmark 
tasks are constructed. How well a system 
performs across different situations can- 
not be evaluated unless the benchmark 
comprehensively covers the problem space. 
The commonly used approach of collating 
a large dataset and randomly splitting it to 
create a test set does not assure this cov- 
erage, so alternative approaches to bench- 
mark construction must be considered. For 
example, one can design tasks that test for 
specific concepts or cognitive abilities and 
ensure that task instances systematically 
vary on important features of the problem 
space (7, 10, 11). In this endeavor, techniques 
such as procedural or adversarial genera- 
tion of task instances might be useful. 

Bringing about these changes in research 
culture will require the participation and 
support of the entire community. Within 
academia, we recommend that publications 
report granular analyses wherever possible, 
and that reviewers and editors ask for per- 
formance breakdowns when they are not 
provided. It might also be valuable to alter 
the space limits in conference publications 
to enable in-depth reporting of evaluation 
results. More broadly, we think the field 
needs to reckon with the potentially detri- 
mental effects of leaderboards and compe- 
titions on evaluation practices. 

We also recommend that private orga- 
nizations consider incorporating guide- 
lines for granularity and aggregation into 
their wider evaluation and reporting prac- 
tices (12). We are encouraged to see grow- 
ing support for “model cards” that explain 
a system’s architecture and justify evalua- 
tion decisions (13). Policy-makers should 
bear in mind the need for granular anal- 
yses when creating guidelines or safety 
standards for specific applications. For 
instance, the recently proposed Minimum 
Information for Medical AI Reporting 
(MINIMAR) standard could be modified to 
ask for explanations of aggregation deci- 
sions and performance breakdowns across 
features of the problem space. 


Ensuring the availability of instance-by- 
instance evaluation results 

A growing open-science movement has laid 
the groundwork for moving toward mak- 
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ing instance-by-instance evaluation more 
common. Drawing on lessons from multiple 
disciplines, many have argued that a lack 
of transparency and reproducibility in AI 
research could stifle progress and lead to 
dangerous misestimations of AI capabilities 
(5, 14, 15). In response, various initiatives 
have been set up to promote code and data 
sharing, such as the Hugging Face Hub, the 
Machine Learning Open Source Software 
section of the Journal of Machine Learning 
Research, GitHub, OpenML, Papers With 
Code, and the Open Science Framework. 
However, instance-by-instance evaluation 
results are rarely included on these plat- 
forms. There have been few incentives to 
put in the extra work needed to clean, docu- 
ment, release, and maintain these results. 
Furthermore, many researchers fear that 
subsequent analyses might discover flaws 
or biases in their systems, or that they will 
be “scooped” by other researchers (5). 


“,€ Shift toward more granular 
reporting would be a win-win 
situation for developers 
and the wider community in 
most subdisciplines of Al.” 


It is vital to incentivize the release of 
instance-by-instance results. In other dis- 
ciplines, various kinds of requirements, 
incentives, and nudges have been imple- 
mented for similar purposes. For exam- 
ple, changes to journal and conference 
reporting guidelines to include instance- 
by-instance evaluation results could help 
encourage the sharing of these results. It 
should also be possible to ensure that re- 
searchers are credited for subsequent uses 
of their results—perhaps by giving the 
results a unique identifier that other re- 
searchers can cite. 

Given that many AI systems are devel- 
oped or deployed by nonacademic orga- 
nizations, it is important to consider how 
policy-makers and industry organizations 
can encourage the sharing of results. For 
example, funding agencies could require 
the release of instance-by-instance results 
as a condition of funding, and private or- 
ganizations could be encouraged to share 
instance-by-instance results whenever 
they publish preprints or press releases 
involving system evaluations. These so- 
lutions would complement wider efforts 
of groups such as the European Centre 
for Algorithmic Transparency to encour- 
age transparency in AI. We recognize 
that there are some situations in which 


instance-by-instance results cannot be re- 
leased (e.g., owing to privacy concerns or 
practical constraints), but in most cases it 
should be possible to do so. Even if no fea- 
tures were annotated, releasing instance- 
by-instance results would still allow other 
researchers to extract features themselves 
and perform additional analyses as long as 
the benchmark or test data are obtainable. 
Some successful examples of results- 
sharing in AI give us confidence that these 
changes in broader research culture are 
possible. For example, researchers who de- 
veloped the Holistic Evaluation of Language 
Models (HELM) benchmark made instance- 
by-instance results available for a variety 
of models across the entire benchmark. If 
other fields such as psychology and medi- 
cine can make progress on these issues even 
in the face of considerable data privacy chal- 
lenges, AI should be able to do the same. 
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HISTORY OF CHEMISTRY 


Antoine Lavoisier conducts a ~ 
——4 
_. respiration experiment. 


The perfumer before Pasteur 


A historian recounts the odorous origins of the first 
evidence for molecular structure 


By Michael D. Gordin 


or more than 3 years, loss of the sense 

of smell has been a telltale harbinger 

of infection for a considerable frac- 

tion of those who contract COVID-19, 

sometimes with lasting aftereffects. 

University of Mississippi historian 
Theresa Levitt found hers “strangely al- 
tered” in March 2020, while she was writing 
Elixir, a book that traces the intense con- 
nections between smell, health, science, and 
social upheaval. Even without this present 
context, the book would be almost impos- 
sible to put down. 

Elixir concludes with Louis Pasteur’s dis- 
covery that many organic molecules synthe- 
sized in a laboratory, although chemically 
identical with respect to composition, differ 
in structure from their counterparts isolated 
from living sources. Nature is left-handed; 
the laboratory is ambidextrous. Most of the 
book’s excitement comes from the improb- 
able path to reach this end point, which of- 
fered the first strong support for molecular 
structure and thus the atomic hypothesis. 
Written with the propulsive flow of a novel, 
it unfolds in two interconnected but sequen- 
tial stories, each following a scientific hero. 
Neither hero is Pasteur. 

Levitt first traces the fate of Edouard 
Laugier (1807-1869), scion of the respectable 
perfume business his grandfather Blaise had 
established on rue Bourg-l’Abbé in Paris in 
the 1770s. Blaise hailed from Grasse, in the 
south of France, renowned for its connec- 
tion with his trade and boasting traditions 
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of extracting scents from all sorts of botani- 
cal substances. The family prospered and 
developed higher professional aspirations. 
Edouard caught the chemistry bug and dur- 
ing the 1830s used his perfume shop as a site 
for scientific investigation as well as adorn- 
ment. It was not easy, which is why Elixir is 
so much fun to read. 

If you recall your European history, it 
will come as no surprise that the Laugiers 
were swept up in the tumult of the French 
Revolution. If you do not recall your European 
history, so much the better: You will receive a 
whirlwind tour from the point of view of po- 
mades, perfumes, and eau de cologne. 

Two teasers will not spoil the fun: Chemist 
Antoine Lavoisier’s efforts to save the gov- 
ernment’s gunpowder supply were stymied 
by the demand for soap, as both these items 
required alkalis from the ashes of the bari- 
lla plant, whose supply Spain had cut off. 
More than a decade later, we see Napoleon 
bathing in and drinking gallons of perfume. 
(Perfumers did not replace the ethyl alcohol 
with poisonous methyl alcohol until 1855 in 
Britain and 1872 in France, when the switch 
was made for tax reasons.) 

Halfway through the book, we encounter a 
new protagonist: a cantankerous small-town 


Elixir: A Parisian Perfume 
House and the Quest for 
the Secret of Life 

Theresa Levitt 

Harvard University Press, 
2023. 320 pp. 


chemist Laugier rescued from his impover- 
ished garret and brought into the shop’s labo- 
ratory. This is Auguste Laurent, and the fact 
that you probably have never heard of him is 
an injustice of history that Levitt remedies. 

Earlier than anyone, Laurent proposed 
theories of molecular substructure to un- 
derstand organic chemistry. He also had a 
genius for alienating people and antagoniz- 
ing everyone who was anyone in the Parisian 
scientific world, leading to his intellectual 
exile to Sévres, to Bordeaux, and to Laugier’s 
shop. (An exception was the equally crotch- 
ety physicist Jean-Baptiste Biot, an especially 
lively figure in Elixir.) 

We watch Laurent turn every attempt 
to aid his career into a new opportunity to 
cause offense. He died in penury in 1853. But 
at a crucial moment, he collaborated with an- 
other young chemist from the provinces on 
his theories of chemical structure—Pasteur— 
who subsequently removed references to 
Laurent from his pathbreaking dissertation. 

Laurent’s story, rich in chemical history, is 
much leaner with respect to the politics and 
culture that beset Laugier’s family, a conse- 
quence of the rapid professionalization of sci- 
entists, especially chemists. Levitt begins with 
an astounding tour of the guilds of glovers, 
spicers, distillers, perfumers, vinegar-makers, 
and apothecaries who were enmeshed in the 
upheavals of urban revolution. The academic 
laboratory artificially shut those economic 
and social pressures out such that the poli- 
tics remaining, as Laurent’s sad story reveals, 
tended to be of the petty academic variety. 

Levitt’s detailed research broaches one of 
the key questions in the history of science: 
How do ideas that are beyond the scope of 
their time ever find takers? In Laurent’s case, 
it required a detour through an alternative 
space—Laugier’s perfumery—to build up 
slowly (alas, also posthumously) enough evi- 
dence to change people’s minds. 

10.1126/science.adg9670 
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PODCAST 


The study of sex and gender has long affected scientific thought, and 

in 2023, Science will explore some of these influences in a limited podcast 
series. This week on the Science podcast, the series’ host, Angela Saini, 
and scholarly adviser Anne Fausto-Sterling discuss the impetus for 

the project and give listeners a sneak peek at the titles and authors who 
will be featured. https://bit.ly/3LUwdqY 
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HEALTH AND MEDICINE 


Understanding 


the menstrual cycle 


A polemical history shines a scientific spotlight 
on a remarkable and long-overlooked process 


By Lara Freidenfelds 


t one of the first professional confer- 
ences I attended as a history of sci- 
ence PhD student, I told a retired 
physician that I was writing my dis- 
sertation on the history of people’s 
experiences of menstruation. “That 
is not interesting!” he shouted, unwilling to 
hear another word. I am therefore tickled 
by anthropologist Kate Clancy's tongue- 
in-cheek description of her life’s work as a 
feminist “spite project” to demonstrate just 
how interesting and meaningful 
the menstrual cycle actually is. And 
demonstrate it she does. 

In Period, Clancy wears her un- 
apologetically progressive politics 
on her sleeve—the book is explicitly 
feminist and anti-colonialist. These 
interpretive lenses drive Clancy’s 
commitment to her research and in- 
spire the questions she asks. 

In energetic and funny prose, 
Clancy castigates Western societies, 
especially scientists and physicians, 
for menstrual stigmas both ancient 
and modern. Throughout the book, 
Clancy points out how the language 
and assumptions of white, Western 
patriarchy have shaped what we 
know about menstruation and how 
we talk about it. And she flips the script, to 
great effect. For example, getting rid of “bad 
blood” and the “sloughing” of the endome- 
trial lining become, in Clancy’s retelling, an 
amazing process of “tissue remodeling.” 

Bathed in menstrual blood containing in- 
flammation- and repair-managing cells, the 
uterus rebuilds its lining in a remarkably 
short time, without the scarring that typically 
occurs during tissue repair. When sperm 
enter the picture, and the uterus allows or 
facilitates access to a prepared egg, Clancy 
describes the ensuing process as “gamete 
fusion,” connoting equality of agency, rather 
than “fertilization,” avoiding the trope of an 
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active male fertilizing a passive female. 

Clancy’s discussion of debates over the 
evolutionary purpose of menstruation is a 
treat. Does menstruation prevent infection 
from sperm? Does it save energy? Does it re- 
duce preeclampsia risk? She gracefully dem- 
onstrates how a scientist reasons from her 
sources, concluding that a single explanation 
does not need to “win.” 

The book is more persuasive in its ap- 
proach to science than to history. Clancy 
tends to reduce history to an analysis of op- 
pressors exercising power over the oppressed 


Volunteers sort donated menstrual products in Alexandria, Virginia. 


and knowledge production as an exercise of 
power. She homes in on the ways in which 
19th- and 20th-century eugenics theories 
shaped the science of menstrual cycles, for 
example, claiming that a eugenic focus on 
categorizing people according to normal 
curves led to our concern with “normal” 
cycles, one that leaves far too many people 
feeling that their bodies are “abnormal” and 
therefore bad. Although this critique is useful 
as far as it goes, interest in the regularity of 
menstrual cycles extends back millennia. 
The term “menstruation” comes from 
“moon,” and cultures all over the world have 
long connected menstruation to lunar cycles. 
Traditional names for menstruation such as 
“period” and “monthlies” in English and “les 
regles” (“the rules”) in French connote regu- 
larity. Historical medical treatises and wom- 
en’s personal recipe books alike routinely 


INSIG| A 


Chec 


Period: upd 


The Real Story of 
Menstruation 

Kate Clancy 

Princeton University Press, 
2023. 264 pp. 


contained recipes for “emmenagogues’— 
drugs to promote regular menstrual flow— 
and considered regular menstruation central 
to women’s health and fertility. 

Reading the history of science and medi- 
cine as most saliently about white patriarchal 
power misses an opportunity to see women’s 
agency in this history. Women sought men- 
strual regularity, and cared for themselves 
accordingly, during the many centuries when 
an irregular cycle might signal an illness, in- 
fertility, or a mistimed pregnancy. Today, with 
modern birth control and home pregnancy 
tests, menstrual signals are no longer central 
to self-care, and menstruators can more eas- 
ily embrace Clancy’s enthusiasm for flexible 
and contingent cycling. 

Clancy’s historical narratives are 
also polemical to the point of hyper- 
bole at times. People were not put to 
death in the Middle Ages for break- 
ing menstrual taboos, as she claims, 
for example. The secondary source 
she cites here quotes a 17th-century 
Puritan cleric who interpreted the 
Biblical book Leviticus’s ban on men- 
strual sex to mean that God wanted 
penalty of death, not just exile as in- 
dicated in the plain language of the 
biblical text. One preacher’s extreme 
interpretation of Leviticus is a far 
cry from actual law and practice. 

Overall, the book conveys a con- 
sistently positive view of menstrual 
blood, the menstrual cycle, and the 
bodies of people who menstruate. 
Looking for agency, optimism, power, and 
healing in menstruating bodies, Clancy dem- 
onstrates that, indeed, these qualities are 
there for those whose eyes are open to them. 

Refreshingly, though, she resists the kind 
of essentialist menstrual activism that insists 
that empowerment means we menstruators 
must love our cycles. She makes room for 
those who relish their periods, those who 
tolerate them, and those who suppress them; 
for those for whom they may be central to 
gender identity, or anathema. 

A main theme throughout the book is 
that there is a diversity of menstrual ex- 
periences, and that is a good way for bod- 
ies (and people) to be. In the end, Clancy 
simply wants periods to be understood and 
respected for the remarkable biological pro- 
cess they are. 

10.1126/science.adh0534 
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In the past, China’s Zhejiang Province coastline 
supported abundant oyster populations. 


Edited by Jennifer Sills 


Protect oyster reefs in 
China’s coastal zone 


Oyster reefs contribute to water filtration, 
shoreline stabilization, carbon sequestra- 
tion, and biodiversity enhancement (1). In 
the past 200 years, global oyster reefs have 
declined by 85% (2). Abundant oyster reefs 
with more than 30 oyster species used to 
thrive in China’s coastal intertidal and sub- 
tidal zones (3). However, overfishing, water 
pollution, coastal development, biologi- 
cal disease, and habitat degradation have 
damaged oyster reefs in China’s coastal 
zone, and most of them have become 
functionally extinct in the past few decades 
(4). China has taken steps to conserve and 
restore oyster reefs since 2000 (5), but 
more urgent action is required. 

As of 2020, known oyster reefs cover 
about 1906 ha in China’s waters (5). China 
has established several special protected 
areas to protect oysters, and four marine 
protected areas (about 43,959 ha in total) 
include oyster reefs within their borders 
(5). Oyster reef restoration projects have 
been implemented in estuaries in Tianjin, 
Jiangsu, Zhejiang, and Hong Kong (6). 

In addition, the Ministry of Agriculture 
and Rural Affairs listed oyster reefs as 
important to national marine ranching, a 
strategy that combines sustainable use of 
marine fishery resources with the protec- 
tion of the ecological environment (7). 
The goal of this recognition is to conserve 
and restore marine biological resources 
in areas such as the waters off the shore 
of Caofeidian, Laizhou Bay, and the 
Dashentang sea area (8). However, these 
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efforts have not reversed the degradation 
of China’s oyster reefs. 

To identify the full distribution and 
ecological status of oyster reefs, China 
should conduct a national survey and 
monitor any reefs that are found. Known 
reefs would benefit from stronger man- 
agement of protected areas and sur- 
rounding waters and better legislation to 
limit illegal fishing and overharvesting. 
In addition, China should raise public 
awareness about the importance of oyster 
reefs, their ecological functions, and their 
role in coastal habitats alongside man- 
groves, coral reefs, and seagrass meadows 
(5). Together, government action and 
the mobilization of social forces could 
increase the effectiveness of oyster reef 
protection and restoration. 

Wei Xu, Aifeng Tao*, Jinhai Zheng 

Key Laboratory of Ministry of Education for 
Coastal Disaster and Protection, Hohai University, 
Nanjing 210098, China and College of Harbor, 
Coastal and Offshore Engineering, Hohai 
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Restoring health 
priorities in Brazil 


The Brazilian unified health system (SUS) 
was renowned for reducing health ineq- 
uities (7). However, austerity measures 
imposed at the end of 2016 (2), a disman- 
tling of the Ministry of Health’s technical 
capacities (3), and the disastrous COVID- 
19 pandemic response by the Bolsonaro 
administration (4) have contributed to a 
rapid deterioration of health indicators. 
President Lula da Silva, who was inau- 
gurated last January, faces the daunting 
task of addressing the setbacks and recon- 
structing the health sector. 

Over the past 7 years, SUS has rapidly 
declined. About 33 million Brazilians 
face hunger (5), and hospitalizations due 
to child malnutrition caused by hunger 
have increased (6). Vaccination coverage 
is below the minimum necessary to pre- 
vent outbreaks, maternal mortality almost 
doubled in 2 years, and routine medical 
tests have declined, delaying treatment of 
chronic diseases (3, 7). Thousands of pes- 
ticides were approved, many of which had 
been banned in other countries and associ- 
ated with infant mortality and cancer (8, 
9), and delays in insecticide procurement 
disrupted vector control (10). Changes in 
legislation increased weapon ownership, 
directly contributing to an increase in 
homicides in Brazil (77). Environmental 
destruction resulted in a humanitarian cri- 
sis among the Yanomami people (12). 

Given the many health-related problems 
Brazil faces, the Lula government must 
prioritize its response. First, the govern- 
ment should fortify the country’s institu- 
tions, which will make other challenges 
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easier to address. Lula should begin by 
strengthening the financing and gover- 
nance of the SUS, improving primary care 
and health networks (including telehealth), 
and promoting an equitable geographical 
allocation of human resources. 

Once the health infrastructure is secure, 
the government should focus on reducing 
the unacceptably high numbers of prevent- 
able morbidity and mortality. This goal 
should include increasing vaccine coverage, 
reducing the waiting list for specialized 
care, and reorganizing healthcare delivery 
to Indigenous peoples, children and ado- 
lescents, and women. Improving health 
surveillance will also improve the health 
system’s response to emergencies. 

To make sure all voices are heard, it 
is imperative to build bridges between 
policymakers, academia, and civil society 
throughout these efforts. Reconstructing 
the health sector in Brazil is a social and 
humanitarian need as well as critical for 
global health security. 


Marcia C. Castro, Nisia Trindade?, Arthur Chioro?, 
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Fhe authors represented postdocs at 
- Dénmark’s annual democracy festival. 


OUTSIDE THE TOWER 


Denmark’s big tent includes postdocs 


As postdocs, we usually spend our time in the lab processing samples or at the com- 
puter analyzing data. Yet on one sunny day in June, we found ourselves in a tent on the 
Danish island of Bornholm, preparing to debate leaders of Denmark's scientific com- 
munity, including a university dean and funding agency representatives. At Folkemadet, 
Denmark's annual democracy festival, people from all walks of life gather to discuss 
society's challenges. We hoped that by sharing our perspective, we could influence the 
decision-makers who shared the stage as well as educate the nonscientists in atten- 
dance about our work. 

Our time at the Danish Diabetes Academy Postdoc Summit 
had prepared us to advocate for early-career scientists. The 
unusual meeting focuses on breaking down the barriers 
between scientists and sharing the challenges faced by young 
researchers with the public through editorials (1), podcasts (2), 


SSS 
Call for submissions 
Outside the Tower is 

an occasional feature 
highlighting scientists’ 


advocacy experiences. : : : 
Submit your advocacy and animated videos (3). Our outreach efforts at the summit 
story at http://cts. led to our invitation to the Folkemade debate, where we spoke 
sciencemag.org. on behalf of 100 science trainees. 


The questions began: How do we avoid biases against 
applicants based on gender, race, and career stage? The funders reminded us of their 
duty to identify excellence, but we jumped to correct them. “This focus on excellency 
prevents new and exciting ideas from getting a chance to take root and grow,’ we 
explained. We advocated a lottery-based funding system instead, in which funds are 
allocated by random drawing after an initial screening phase, increasing the likelihood 
of funding for younger scientists and riskier ideas (4). 

Although we were nervous as the debate started, our comfort grew as we passion- 
ately explained our position. We noticed that the other participants seemed interested 
in our ideas, and audience members nodded as we spoke. One of the funders replied 
that they are taking steps to try lottery-based funding systems. 

We hope our experience can inspire other researchers to collaborate and build 
bridges with society. Young scientists’ voices deserve to be heard. 

Morten Dall and Maria Hauge Pedersen? 
INovo Nordisk Foundation Center for Basic Metabolic Research, University of Copenhagen, 


DK-2200 Copenhagen, Denmark. *New York Genome Center, New York, NY 10013, USA. Email: 
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Edited by Michael Funk 


Leatherworking 
39,000 years ago 


Humans have worked animal 
hides since deep antiquity, 

but the appearance of tailored 
clothing and the tools required 
to fashion them continues to be 
debated. Doyon et al. describe 
a bone artifact with 28 punc- 
tures arranged in two separate 
lines on its flat surface, which 
was found at the Early Upper 
Paleolithic site of Canyars, 
Spain. To understand how the 
punctures were made, they con- 
ducted experiments on similar 
bones and found that piercing 
a soft, pliable material by strik- 
ing a pointed stone tool with 

a percussor left marks similar 
to those on the artifact. The 
authors inferred that the bone 


served as a punch board to work 
leather into tailored clothing in 
the absence of eyed needles in 
the region. —MSA 
Sci. Adv. 10.1126/ 
sciadv.adg0834 (2023). 


Releasing the brake 

on opioids 

Opioids are effective for acute 
pain management, but increas- 
ing tolerance can lead to greater 
use and adverse side effects. 
Gabriel and Streicher found that 
opioids activate a self-limiting 
pathway that can be disabled 

to enhance their efficacy. In 

the mouse spinal cord, opioids 
activated the kinases ERK and 
AMPK. Whereas ERK promoted 
opioid efficacy against painful 
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Anew habitat for hominoid emergence? 
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he hominoid lineage underwent a major morphological change in 
the Miocene, acquiring strong hind legs and a more upright pos- 
ture. The prevailing hypothesis pertaining to these changes has 
been that they were adaptive for foraging on fruit in the terminal 
branches of tropical forest trees. A pair of papers now argue that, 
instead, such changes may have been driven by adaptation to feeding 
on leaves in seasonally dry and open forests. Peppe et a/. used new 
data from fossil mammal study sites and found that the expansion 
of grassy biomes dominated by grasses with the C4 photosynthetic 
pathway in eastern Africa likely occurred more than 10 million years 
earlier than prior estimates. MacLatchy et al. looked at fossils of the 
earliest ape in this region at this time, Morotopithecus, and found 
isotope evidence of the consumption of water-stressed vegetation 
and postcranial morphology indicative of strong hind limbs similar to 
modern apes. Together, these papers suggest that early hominoids 
emerged in a dryer and more irregular environment than was previ- 


ously believed. —BEL and SNV 


stimuli in mice, AMPK reduced 
it by inhibiting ERK. Blocking 
AMPK or the chaperone protein 
HSP90 (which stabilized AMPK) 
reduced pain sensitivity in 
opioid-treated mice. —LKF 


Sci. Signal. 16, eade2438 (2023). 


Engineered bacteria 
as melanoma vaccine 


The skin microbiome usu- 
ally lives in harmony with 
our tissues without inducing 
inflammation or mounting 
an infection. However, cer- 
tain bacterial colonists, 
including the skin bacterium 
Staphylococcus epidermidis, 
can induce a highly specific 
adaptive immune response, the 
function of which is unclear. 


Science, abq2835, abq2834, this issue p. 172, p.173 


Chen et al. engineered an S. 
epidermidis strain to express 
melanoma tumor antigens 
and then tested their ability 
to drive antitumor immune 
responses (see the Perspective 
by Sajjath et a/.). Engineered S. 
epidermidis generated tumor- 
specific T cells that infiltrated 
and reduced the growth of 
localized and metastatic 
melanoma. In combination with 
immune checkpoint inhibi- 
tors, these engineered skin 
bacteria caused mice to reject 
established tumors. These 
findings suggest that immune 
responses from engineered 
commensals may have thera- 
peutic potential against other 
tumor antigens of interest. 
—PNK and STS 

Science, abp9563, this issue p. 203; 

see also adh3884, p.132 
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~~ Heterogeneous grassland 
habitats, such as this site in 
modern Kenya, were present by at — 
least 17 million years ago and may 
~~. haveinfluenced the evolution 
—S == of hominoid Jocomotor versatility. 


Astrometry guides 
imaging detection 

Direct imaging of exoplanets 
is challenging because of the 
glare of the much brighter 
host star. The technique has 
detected only small numbers 
of gas giant exoplanets on wide 
orbits. Astrometry, the pre- 
cise measurements of stellar 
positions, could potentially 
identify stars being pulled by 
the gravity of a nearby planet. 
Currie et al. used astrometry to 
identify a candidate host star, 
which they then studied with 
direct imaging. They found an 
object with the right proper- 
ties to explain the astrometry 
signal and interpreted it as an 
exoplanet of about 14 Jupiter 
masses. The detection shows 
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how astrometry can help to 

detect and characterize directly 

imaged exoplanets. —KTS 
Science, abo6192, this issue p.198 


Dry ina flash 
Are flash droughts, those that 
develop unusually rapidly 
unlike those that develop more 
slowly and typically have been 
considered the archetype, 
becoming the new normal? Yuan 
et al. show that droughts have 
begun to intensify more rapidly 
since the 1950s and that flash 
droughts have become more 
common over much of the world 
(see the Perspective by Walker 
and Van Loon). This trend, which 
makes drought monitoring and 
forecasting more difficult, is 
associated with greater evapo- 
transpiration and precipitation 
deficits caused by anthropogenic 
climate change and is projected 
to expand to all land areas in the 
future. —HJS 

Science, abn6301, this issue p. 187; 

see also adh3097, p. 130 


Asymmetric responses 
in uniform materials 


Typically, if a material is 
sheared in either direction, 
the response will be similar. 
Wang et al. designed hydrogels 
loaded with aligned and tilted 
graphene oxide sheets (see 
the Perspective by Sun and 
Kang). The shear modulus of 
this composite differs substan- 
tially as a function of the shear 
direction. When shearing causes 
the graphene oxide sheets 
to compress, they buckle; 
however, when they are sheared 
in the other direction, they are 
stretched. This asymmetry can 
convert symmetric vibrations 
into asymmetric motion. These 
materials open opportunities 
to guide, damp, and control 
mechanical forces using meta- 
materials of various shapes and 
sizes. —MSL 

Science, adf1206, this issue p. 192; 

see also adh3098, p. 135 
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Kidneys RIG-ged for damage 


cute kidney injury can be caused by a variety of insults, 

including infections, drugs, and toxins. Studies have 

shown that supplementation of nicotinamide adenine 

dinucleotide (NAD*) or related compounds can pro- 

mote recovery from kidney injury, but the underlying 
mechanism for this was unclear. Using metabolomic analysis 
in injured human kidneys and healthy controls, as well as in 
mouse models, Doke et al. characterized alterations in NAD* 
metabolism and confirmed the benefits of NAD* supplemen- 
tation. They also showed that a deficiency of NAD* in the 
setting of kidney injury impairs mitochondrial metabolism, 
leading to damage of the organelle and leakage of mitochon- 
drial RNA. This RNA then activates RIG-I, a cytosolic RNA 
sensor pathway that normally responds to viral infection but 
in this case exacerbates kidney damage. —YN 


Nat. Metab. (2023) 10.1038/s42255-023-00761-7. 


Endosome exocytosis 
in endothelial repair 


The plasma membrane of 
vascular endothelial cells often 
suffers damage caused by blood 
circulation—induced shear and 
harmful interactions with blood 
cells. The source of membrane 
required for resealing endothelial 
cells after injury remains unclear. 
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Raj et al. used live-cell imaging 
and correlative light and electron 
microscopy to study membrane 
repair in cultured human endo- 
thelial cells. Early endosomes are 
a crucial source of membrane 
for wound resealing. The authors 
found that localized early endo- 
some exocytosis is initiated by 
calcium entering through the 
plasma membrane wound, which 
promotes membrane repair 
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HUMAN GENOMICS 
Dynamic changes in 
human genomes 


Postzygotic mutations accrue 
throughout a person’s lifetime, 
beginning in utero. Despite their 
pervasiveness, the impact of 
these mutations on health is not 
yet well understood outside of 
selected mutations implicated in 
cancer development. Rockweiler 
et al. analyzed postzygotic muta- 
tions in a variety of organ sites 
from 948 human donors in the 
Genotype-Tissue Expression 
(GTEx) project to create an 
atlas of these mutations across 
tissues, and then validated their 
findings using several published 
datasets. The authors also 
reconstructed the evolution of 
postzygotic mutations in different 
organs over the course of a life 
span and identified mutations 
with particularly deleterious 
impacts on human health. —YN 
Science, abn7113, this issue p. 171 


COAGULATION 
The bear necessities for 
anticoagulation 


When humans experience acute 
immobility caused by illness or 
injury, they are at increased risk 
for potentially deadly venous 
thromboembolism. By con- 
trast, hibernating bears remain 
immobile for months every year 
without experiencing any such 
complications. Similarly, chroni- 
cally immobilized patients with 
spinal cord injury do not have an 
increased risk of thrombosis. By 
examining blood from humans 
experiencing chronic immobi- 
lization, healthy volunteers on 
extended bed rest, and free- 
ranging brown bears during 
their periods of activity and 
hibernation, Thienel et al. identi- 
fied specific proteins that are 
down-regulated during periods 
of prolonged immobility and pro- 
tect from thrombosis (see the 
Perspective by Schattner). —YN 
Science, abo5044, this issue p. 178; 
see alSo adh3276, p. 133 
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FIBROSIS 
Fibrogenic fiend 


Macrophages are key players in 
the response to tissue injury, and 
specific macrophage subsets 
can drive fibrosis progression or 
resolution. Fabre et al. showed 
that CD9*TREM2* macrophages, 
which are further defined by 
the expression of a key set of 
proteins, can mediate fibrosis. 
Analysis of human and murine 
hepatic and pulmonary fibrosis 
samples revealed accumulation 
of these macrophages near scar 
sites and proximal to activated 
mesenchymal cells. In vitro analy- 
sis revealed that type 3 cytokines 
can promote the differentiation 
of these macrophages, which are 
unable to degrade collagen | and 
contribute to collagen |—associ- 
ated fibrosis. Blockade of these 
cytokines in mice was sufficient to 
limit fibrosis. These findings high- 
light a critical role for fibrogenic 
macrophages in this pathological 
process. —CNF 

Sci. Immunol. 8, eadd8945 (2023). 


OPTOELECTRONICS 
Surface field for carrier 
extraction 


The efficiency of carrier extrac- 
tion in photodetection devices 
can be substantially hindered 

by surface recombination. In the 
past, surface electric field has 
been shown to be effective in 
reducing surface recombination. 
However, knowledge regarding 
the interplay between surface 
electric field and carrier extrac- 
tion is still limited. Zhang et al. 
conducted an experiment similar 
to the Haynes-Shockley scheme 
to reveal the role of the surface 
field in carrier extraction. They 
also introduced work-function- 

t 

i 


unable indium tin oxide at the 
interface to optimize the surface 
field to achieve near-unity 
quantum efficiency. These find- 
ings could potentially be used to 
develop highly efficient thin-film 
optoelectronic devices. —FX 

Sci. Adv. 10.1126/ 
sciadv.adg2454 (2023). 


VIRAL INFECTIONS 
Antiviral advance 


The Venezuelan and eastern 
equine encephalitis viruses 
(VEEV and EEEV, respectively) 
are mosquito-borne alphavi- 
ruses that can cause severe 
neurological and systemic 
disease in humans and equids. 
There is no approved vaccine 

or therapeutic available to treat 
human alphavirus infections. 
Cao et al. now describe the iden- 
tification and optimization of a 
quinazolinone, BDGR-49, which 
had potent antiviral activity 
against VEEV and EEEV in vitro 
and showed outstanding prophy- 
lactic and therapeutic efficacy 

n mouse models. BDGR-49 was 
also associated with promising 
pharmacokinetic profiles and 
evidence of brain penetration. 
These findings highlight BDGR- 
A9 as a promising compound for 
treating encephalitic alphavirus 


infections. —CNF 
Sci. Transl. Med. 15, eabl9344 (2023). 
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Heterogeneous grassland 
“habitats, such as this site in 
modern Kenya, were present by at 
= least 17 million years ago and may. 
~haveinfluenced the evolution 
locomotor versatility. 


Astrometry guides 
imaging detection 

Direct imaging of exoplanets 
is challenging because of the 
glare of the much brighter 
host star. The technique has 
detected only small numbers 
of gas giant exoplanets on wide 
orbits. Astrometry, the pre- 
cise measurements of stellar 
positions, could potentially 
identify stars being pulled by 
the gravity of a nearby planet. 
Currie et al. used astrometry to 
identify a candidate host star, 
which they then studied with 
direct imaging. They found an 
object with the right proper- 
ties to explain the astrometry 
signal and interpreted it as an 
exoplanet of about 14 Jupiter 
masses. The detection shows 


how astrometry can help to 

detect and characterize directly 

imaged exoplanets. —KTS 
Science, abo6192, this issue p. 198 


Dry in a flash 
Are flash droughts, those that 
develop unusually rapidly 
unlike those that develop more 
slowly and typically have been 
considered the archetype, 
becoming the new normal? Yuan 
et al. show that droughts have 
begun to intensify more rapidly 
since the 1950s and that flash 
droughts have become more 
common over much of the world 
(see the Perspective by Walker 
and Van Loon). This trend, which 
makes drought monitoring and 
forecasting more difficult, is 
associated with greater evapo- 
transpiration and precipitation 
deficits caused by anthropogenic 
climate change and is projected 
to expand to all land areas in the 
future. —HJS 

Science, abn6301, this issue p. 187; 

see also adh3097, p. 130 


Asymmetric responses 
in uniform materials 


Typically, if a material is 
sheared in either direction, 
the response will be similar. 
Wang et al. designed hydrogels 
loaded with aligned and tilted 
graphene oxide sheets (see 
the Perspective by Sun and 
Kang). The shear modulus of 
this composite differs substan- 
tially as a function of the shear 
direction. When shearing causes 
the graphene oxide sheets 
to compress, they buckle; 
however, when they are sheared 
in the other direction, they are 
stretched. This asymmetry can 
convert symmetric vibrations 
into asymmetric motion. These 
materials open opportunities 
to guide, damp, and control 
mechanical forces using meta- 
materials of various shapes and 
sizes. —MSL 

Science, adf1206, this issue p. 192; 

see also adh3098, p. 135 


KIDNEY 


Edited by Caroline Ash 
and Jesse Smith 


Kidneys RIG-ged for damage 


cute kidney injury can be caused by a variety of insults, 

including infections, drugs, and toxins. Studies have 

shown that supplementation of nicotinamide adenine 

dinucleotide (NAD*) or related compounds can pro- 

mote recovery from kidney injury, but the underlying 
mechanism for this was unclear. Using metabolomic analysis 
in injured human kidneys and healthy controls, as well as in 
mouse models, Doke et al. characterized alterations in NAD* 
metabolism and confirmed the benefits of NAD* supplemen- 
tation. They also showed that a deficiency of NAD* in the 
setting of kidney injury impairs mitochondrial metabolism, 
leading to damage of the organelle and leakage of mitochon- 
drial RNA. This RNA then activates RIG-I, a cytosolic RNA 
sensor pathway that normally responds to viral infection but 
in this case exacerbates kidney damage. —YN 


Nat. Metab. (2023) 10.1038/s42255-023-00761-7. 


Endosome exocytosis 
in endothelial repair 


The plasma membrane of 
vascular endothelial cells often 
suffers damage caused by blood 
circulation—induced shear and 
harmful interactions with blood 
cells. The source of membrane 
required for resealing endothelial 
cells after injury remains unclear. 


Raj et al. used live-cell imaging 
and correlative light and electron 
microscopy to study membrane 
repair in cultured human endo- 
thelial cells. Early endosomes are 
a crucial source of membrane 
for wound resealing. The authors 
found that localized early endo- 
some exocytosis is initiated by 
calcium entering through the 
plasma membrane wound, which 
promotes membrane repair 
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mediated by the early endo- 
somal VAMP2 membrane fusion 
protein. Thus, early endosomes 
undergo a spatially constrained 
and calcium-induced exocytosis 
as a first line of defence to repair 
plasma membrane wounds and 
protect endothelial cells from 
damage. —SMH 
Aav. Sci. (2023) 
10.1002/advs.202300244. 


REMOTE SENSING 


Detecting drought 
Predicting how the terrestrial 
carbon and water cycles are 
affected by ongoing climate 
change requires an understand- 
ing of vegetation’s responses 

to extreme events such as 
droughts. Using satellite data, 
Zhang et al. developed a method 
to detect drought stress in plants 
from space. Applying machine 
learning to observations from 
the Orbiting Carbon Observatory 
3, the authors were able to 
monitor changes in fluorescence 
efficiency (a proxy of vegetation 
stress) in response to a 2020 
drought across the southwest- 
ern United States. Measuring 


physiological responses from 
satellite data also has the poten- 
tial for distinguishing differential 
responses between vegetation 
types. —BEL 
Glob. Chang. Biol. (2023) 
10.1111/gcb.16683. 


QUANTUM SCIENCE 


Probing 2D spin dynamics 
Nitrogen-vacancy (NV) cen- 
ters, defects in diamond with 
favorable optical properties, 
have been used as sensors of 
magnetic field, pressure, and 
temperature. The creation of 
these defects typically results 
in a three-dimensional (3D) 
distribution within the sample. 
Davis et al. engineered a thin 
layer of two types of defects, 
NV centers and substitutional 
nitrogen impurities called P1. 
The more dilute NV centers 
served to monitor the many- 
body dynamics of the denser 
P1 spin ensemble. By combin- 
ing theoretical predictions 
with experimental probes 

of NV center decoherence, 
the researchers were able to 
demonstrate the 2D nature 
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BEHAVIOR 
Early birds might 
fail the grade 


dequate sleep and regular 
class attendance are essential 
for academic success. The 
influence of class start time 
on sleep and academic per- 
formance is unclear. Yeo et al. used 
digital data to monitor class atten- 
dance, grades, and sleep in more 
than 20,000 students attending 
early (8:00 a.m.) or later classes. 
Early classes were associated with 
lower attendance, reduced sleep, 
and poorer grades. Although cause- 
and-effect relationships cannot be 
made, the data suggest that reduc- 
ing the number of early classes 
could result in increased atten- 
dance and better grades. -MMa 


Nat. Hum. Behav. (2023) 
10.1038/s41562-023-01531-x. 


of their system and measure 
the correlation time of the P1 
ensemble. —JS 


be visited by another spacecraft 
in 2026. —KTS 

Icarus (2023) 
Nat. Phys. (2023) 10.1016/j.icarus.2023.115428. 


10.1038/s41567-023-01944-5. 


BIOSYNTHESIS 


ASTEROIDS Peptide hormones 
Forming Dimorphos from | on demand 
spin anda ring Peptides and proteins are an 


In September 2022, the Double 
Asteroid Redirection Test (DART) 
spacecraft deliberately col- 
lided with the asteroid moon 
Dimorphos, changing its orbit 
around the larger asteroid 
Didymos. Madeira et al. cal- 
culated how the system could 
have formed, and believe that 
asymmetrical heating by sun- 
light caused Didymos to rotate 
so fast that it ejected material 
near its equator. The ejecta 
then spread into a ring, most of 
which eventually fell back onto 
Didymos, but some coalesced 
to form Dimorphos. The results 
are consistent with the masses, 
spin rates, and mutual orbit of 
the two bodies and with their 
morphologies in the images 
taken by DART. The system will 


important and growing fraction 
of drugs, but they typically 
require complex, expensive pro- 
duction processes. DeWinter 
et al. created a process for the 
production of small-peptide 
hormones through cell-free 
protein synthesis using a fusion 
protein tag to boost expres- 
sion and stability. On-bead 
purification and proteolysis 
enable the generation of 
peptides corresponding to 
native hormones for some 
of the targets attempted. In 
theory, such in vitro production 
of complex molecules may be 
useful in small-scale biologics 
production for point-of-care 
applications. —MAF 
ACS Synth. Biol. (2023) 
10.1021/acssynbio.2cO0680. 
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INTRODUCTION: Mutation lays the foundation 
for genetics, evolution, and our very existence 
and demise. Historically, genetics has focused 
on inherited variants and has only recently be- 
gun to examine the genetic changes that occur 
after fertilization, known as postzygotic muta- 
tions (PZMs). This bias is partially because of 
technological limitations and the simplifying 
assumption that all cells in a multicellular or- 
ganism share the same genome. 


RATIONALE: Most PZM research has been single- 
tissue studies. An exciting next generation of 
PZM studies now examine PZMs across multi- 
ple tissues within an individual. However, the 
relatively small number of individuals and tis- 


PZMs are detectable in RNA-seq data 


sue types examined thus far have limited the 
ability to ascribe sources of mutation variation 
among individuals or to provide detailed de- 
scriptions of embryonic mutations that occur 
after the first few cell divisions. 


RESULTS: To expand the field’s knowledge of 
the origins and functional consequences of 
PZMs, we sought to answer four key questions: 
(i) Are PZMs detectable? (ii) Where do PZMs 
occur? (iii) When do PZMs occur? (iv) When 
do PZMs contribute to phenotypic variation? 

We developed a suite of methods called 
Lachesis to detect single-nucleotide DNA PZMs 
from bulk RNA sequencing (RNA-seq) data. We 
applied these methods to the final major re- 


IN 


Major questions about postzygotic Study results 
mutations (PZMs) 

HOW can they WHEN do they 

be detected? occur? 


WHERE do they WHAT is their 
occur? functional 
impact? 


oD & 


PZMs are variable across people and: 


Experimental design 


RNA-seq data from GTEx project: 
948 donors, 54 tissue or cell types 


Reconstructed mutation phylogenies 
show that PZMs are not randomly 


| Generations 
°-@- 
a 


PZMs are under different 
selective pressure than 
VCF other genetic variation 


Lachesis 
algorithm 


Space 


distributed throughout development 


Time 


Cy Cf 


PZMs 


Germline variants 


Postzygotic DNA mutations accumulate in the human body, are copied into RNA, and are detected by RNA-seq. 
A developmental map of these mutations resolves when and where in the body they occur and finds that the selection 
pressure on PZMs is different from inherited germline variants. BAMs, binary alignment maps; VCF, variant call format. 
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lease of the NIH Genotype-Tissue Expres, Chec 


(GTEx) project—a catalog of 17,382 sam\-.-- 
derived from 948 donors across 54 diverse 
tissues and cell types—to generate one of the 
largest and most diverse catalogs of PZMs in 
normal individuals. 

PZMs were pervasive and highly variable 
among donors and tissues. Nearly half of the 
variation in mutation burden among tissue 
samples was explained by technical and bio- 
logical effects, such as age and tissue type. We 
also found that 9% of this variation was at- 
tributed to donor-specific effects. This means 
that there may be systematic differences among 
individuals in the number of mutations that 
they carry due to genetic and/or environmental 
effects, even after controlling for age. The 
types of mutations, i.e., mutation spectra, 
were also variable across tissues, which sug- 
gests that mutational mechanisms may be 
different across tissues. 

To estimate when PZMs occur during devel- 
opment, we first identified putative prenatal 
PZMs in the catalog and then mapped them 
to a developmental tree. Mutation burden 
and spectra varied throughout prenatal devel- 
opment, with early embryogenesis being the 
most mutagenic. 

Finally, to investigate the functional conse- 
quences of PZMs, we compared the predicted 
deleteriousness and selection strength on 
PZMs across space and time. We found that the 
predicted functional impact of PZMs varies 
during prenatal development and across tis- 
sues, and we identified a class of low-frequency 
prenatal mutations apparently more deleteri- 
ous than all other forms of human genetic 
variation considered. The deleteriousness of 
germline mutations decreased through the 
lifecycle: testicular germ cells carried more 
deleterious mutations than ejaculated sperm 
and sperm resulting in viable offspring. 


CONCLUSION: In this work, we present meth- 
ods for detecting PZMs and a comprehensive 
and diverse atlas of PZMs in normal develop- 
ment and aging. Akin to how expansive surveys 
of normal germline variation are immensely 
beneficial for human and medical genetics, 
this catalog contributes to our understanding of 
normal postzygotic variation so that abnormal 
variation can be identified and interpreted. 
Uncovering the effects of these PZMs on hu- 
man health and disease is an exciting and val- 
uable endeavor. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: nrockweiler@wustl.edu (N.B.R.); 
conradon@ohsu.edu (D.F.C.) 
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Postzygotic mutations (PZMs) begin to accrue in the human genome immediately after fertilization, but 
how and when PZMs affect development and lifetime health remain unclear. To study the origins and 
functional consequences of PZMs, we generated a multitissue atlas of PZMs spanning 54 tissue and cell 
types from 948 donors. Nearly half the variation in mutation burden among tissue samples can be 
explained by measured technical and biological effects, and 9% can be attributed to donor-specific 
effects. Through phylogenetic reconstruction of PZMs, we found that their type and predicted functional 
impact vary during prenatal development, across tissues, and through the germ cell life cycle. Thus, 
methods for interpreting effects across the body and the life span are needed to fully understand 


the consequences of genetic variants. 


he effects of age ravage all tissues of the 

body, but the pace and consequences of 

age-related decay vary among tissues and 

people. The accumulation of DNA dam- 

age is thought to be a primary agent of 
age-related disease (1), and surveys of post- 
zygotic mutations (PZMs) in normal tissues 
[for example, blood (2-4), brain (5), and skin 
(6, 7)] and across the body (8-10) have found 
PZMs to be pervasive across the genome and 
individuals. However, beyond cancer, there 
are few conditions where PZMs are known 
to have a causal role. Because of the high cost 
and technological challenges of PZM studies, a 
general understanding of how and when mu- 
tation affects the function of specific cell and 
tissue types is essential for defining research 
priorities. One way to prioritize hypotheses 
about mutation and disease is to systemat- 
ically characterize the consequences of PZMs 
on cellular fitness across a broad range of tis- 
sues. Surveys of normal tissues have found 
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that PZMs appear to accrue neutrally (0, 11), 
but positive and negative selection do occur 
in specific genes and cellular contexts, which 
suggests that PZMs affect cellular function. 

Another fundamental question is how the 
timing of mutation modulates risk for dis- 
eases. As clearly demonstrated in oncology, it 
is possible to detect disease-causing PZMs and 
augment clinical care years before clinical dis- 
ease is recognized (12, 13). If PZMs that confer 
risk for disease accrue across the life span, the 
PZM profile in a healthy individual could con- 
tain actionable prognostic information. Al- 
though the relative contributions of prenatal 
and postnatal PZMs to disease risk are un- 
clear, because of the massive cell proliferation 
during development, prenatal PZMs have the 
potential to affect many cells and, thus, to play 
an important role in disease. 

Most PZM research has been single-tissue 
studies largely focused on tissues that are 
easily accessible, such as blood, liver, skin, and 
colon. An exciting next generation of PZM 
studies now examines PZMs across multiple 
tissues within an individual (8-10, 14). How- 
ever, the relatively small numbers of indi- 
viduals and tissue types used in such studies 
have limited the ability to ascribe sources of 
mutation variation among individuals or to 
provide detailed descriptions of embryonic 
mutations that occur after the first few cell 
divisions. To expand our knowledge of PZMs in 
normal tissues, we developed a suite of meth- 
ods called Lachesis to identify single-nucleotide 
PZMs from bulk RNA sequencing (RNA-seq) 
data and predict when the mutations occurred 
during development and aging (figs. S1 and 
$2). We ran the algorithm on the final major 
release of the Genotype Tissue Expression 
project (GTEx)—a collection of RNA-seq data 
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from 17,382 samples derived from 948 donors 
across 54 diverse tissues and cell types—to 
generate one of the most comprehensive data- 
bases of PZMs in normal tissues (15, 16) (tables 
S1 to S8). We used this atlas and the rich meta- 
data on GTEx donors to characterize sources 
of variation in PZM burden among individuals 
and unveil the spatial, temporal, and func- 
tional variation of PZMs in normal develop- 
ment and aging. 


DNA PZMs are accurately detected in bulk 
tissue RNA-seq 


We evaluated the accuracy of the algorithm 
using several in silico and experimental meth- 
ods (figs. S3 and S4 and tables S3 to S6). For 
experimental validation, we obtained four in- 
dependent DNA- and RNA-based validation 
datasets generated from the same tissue sam- 
ples as the primary data covering 296 specific 
genomic sites across 95 samples. The original 
PZM variant allele frequency (VAF) estimates 
from RNA-seq were well correlated with the 
VAFs from DNA-seq (Spearman’s p = 0.82, 
P value = 2.3 x 10°), which suggests that RNA- 
seq-based VAFs are representative of true mu- 
tant cell frequencies. PZMs with VAFs as low as 
0.16% and PZMs found in multiple tissues and 
multiple donors were validated. The average 
false discovery rate (FDR) across all valida- 
tion datasets was 27% and was lower than 
with published methods for detecting PZMs 
from RNA-seq (34 to 82%) (8, 9, 17) (fig. SIE 
and table S3). Because mutations may fail to 
validate as a result of spatial variation in 
mosaicism, the FDRs may be overestimated. A 
small subset of samples (~5%) had an extra- 
ordinarily high number of detected PZMs; 
validation data from these samples produced 
an average FDR estimate of 98% (table S3). We 
conclude that these outliers were likely tech- 
nical artifacts and not hypermutated tissues. 

We used power simulations to estimate the 
algorithm’s sensitivity. As expected, simulated 
PZMs with larger VAFs and higher coverage 
had higher PZM detection power. At the mid- 
dle quintile of coverage [(673, 1395) fold cov- 
erage), PZMs with VAFs as low as 0.66% could 
be detected in at least 90% of simulations, 
which suggests that the method has reason- 
able sensitivity (fig. SIF). 


PZMs are pervasive and highly variable among 
donors and tissues 


After sample and PZM quality control, 56,585 
PZMs were detected with VAFs as low as 
0.04% and a median VAF of 0.5% (table S7). 
These mutations are not arandom sample of 
PZMs from the genome but a critically impor- 
tant subset located in the so-called allowable 
transcriptome—a filtered set of transcribed 
positions based on GENCODE 26 gene models 
(16) (table S1). In total, 100% of the donors 
and 77% of the tissue samples had detectable 
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Fig. 1. PZM burden is correlated with biological and technical variables. 


(A) Each data point represents a single tissue sample and is colored by tissue. 
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for visualization. (B) We fit a regression model for single-tissue PZM burden 


usin 


ian normalized PZM burden in a tissue denoted by the horizontal black line. 
ues are sorted by increasing median normalized PZM burden. A pseudocount of 
mutation was added to each sample before normalization and log transformation 


g 12 covariates and 48 tissues. Shown here are the type Il ANOVA F statistics for 


each covariate in the model. Larger F statistics correspond to greater explanatory 


power of the covariate. (C and D) Regression coefficients of tissue-ancestry interactions 
and tissue-sex interactions (D) indicate strong effects of ancestry and sex 


© 


on PZM burden. AA, African American; AS, Asian American; EA, European American. 


Rockweiler et al., Science 380, eabn7113 (2023) 


14 April 2023 


The asterisks in (C) denote 


groups that are consistent wi 
interaction effects were detected for 16/48 (33%) tissues. In (C) to 

gradient and text labels within indicate the meaning of the regression 
sign and magni 


tissue-age 
(E), the red 
coefficients’ 
specific random effects on 
among tissues can be ascri 


environmental. Dashed verti 


association between mutatio 


Error bars 


Reported ancestry 


differences in mutation burden among ancestry 
ith cancer incidence trends (18). (E) Significant positive 


tude. (F) Variance component estimates of donor- 
PZM burden indicate that 8 to 15% of variation 
bed to donor effects, which could be genetic and 
cal lines at beta = O in interaction plots denote no 
n burden and interaction. [(C), (D), (E), and (F)] 


epresent 95% Cls. [(A), (C), (D), and (E)] Tissues are colored using 


the GTEx coloring convention (see table S8 for a complete legend). 


2 of 10 


RESEARCH | RESEARCH ARTICLE 


mosaicism (table S2). We defined the muta- 
tion burden of a sample as the number of 
PZMs detected in a sample and the normal- 
ized mutation burden of a sample as the mu- 
tation burden normalized by the size of the 
sample’s transcriptome (the number of mega- 
bases with at least 20x total coverage). The 
median normalized mutation burden in a tis- 
sue ranged from 0.03 PZMs per expressed mega- 
base in the cerebellar hemisphere to 0.47 PZMs 
per expressed megabase in the liver (Fig. 1A 
and table S8). The observed normalized mu- 
tation burden was more variable within a tissue 
than between tissues [mean median absolute 
deviation (MAD) within a tissue = 0.07 PZMs 
per expressed megabase; MAD across tissues = 
0.02 PZMs per expressed megabase]. This ob- 
servation suggests that processes generating 
detectable PZMs may be more variable across 
donors than across tissue types. 

To build further support for the validity of 
our per-tissue estimates of mutation burden, 
we compared our data with a recent multitis- 
sue survey of PZMs based on DNA-seq of three 
donors (0, 14). Encouragingly, when compar- 
ing 12 tissues assessed by both studies, we 
found reasonably high correlation in estimated 
PZM burden (16) (fig. S5). The Pearson correla- 
tion for the average burden was 0.8 (P = 0.0018, 
Pearson’s correlation test). 


PZM burden is correlated with biological 
and technical variables 


To partition and quantify potential sources of 
single-tissue PZM burden, we fit linear mod- 
els relating technical and biological metadata 
to single-tissue PZM burdens and selected 
the best fitting model identified from detailed 
model comparisons (J6). The final model con- 
tained 12 covariates and explained 48% of the 
variation in mutation burden. All covariates 
yielded F test P < 0.05 in a type II analysis of 
variance (ANOVA) and included both biolog- 
ical (age; tissue; and interactions of tissue with 
age, sex, and self-reported ancestry) and tech- 
nical (for example, mutation detection power 
and RNA extraction batch) sources of varia- 
tion (Fig. 1B and table S9). In total, 20.8% 
(10/48) of tissues showed significant (Wald 
test Q value < 0.05) associations with self- 
reported ancestry, including, as expected, a 
much lower burden of mutation in sun-exposed 
skin in African Americans and Asian Amer- 
icans compared with European Americans (8). 
The incidence rates of cancer types affect- 
ing these tissues have ancestry associations 
that are consistent with (in the same direc- 
tion as) the mutation burden associations 
in 83% (15/18) of comparisons (8), which sug- 
gests that variation in PZM burden in normal 
tissues may contribute to differences in can- 
cer risk among ancestries (Fig. 1C and table 
S10). Unexpectedly, males had lower burden 
in all three skin-related sample types compared 
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with females (Fig. 1D). This result was essentially 
unchanged when removing genes inferred to 
have sex-biased expression (fig. S6). Age was 
positively associated with 33% (16/48) of tissues 
and was the strongest for esophagus mucosa, 
liver, and sun-exposed skin (Fig. 1E). We note 
that power may have been too low to detect 
some associations; for example, there were 
few young GTEx brain donors. 

Extending this model to include a random 
donor effect, we estimated that 8.8% of varia- 
tion in PZM burden can be attributed to sys- 
tematic properties of donors that extend across 
some or all tissues of a donor, even after con- 
trolling for metadata such as age and sex. This 
donor variance component estimate was larger 
in African Americans [14.1%; 95% confidence 
interval (CI): 10.5 to 21.5%] than in European 
Americans (8%; 95% CI: 6.5 to 9.1%) (Fig. 1F). 
These unexplained donor-specific effects could 
have both genetic and environmental bases. 
Notably, a recent study estimated that 5.2% of 
variance in germline mutation rate could be 
attributed to family-specific effects (79). In total, 
our results indicate that variation in PZM rate 
among individuals is less constrained than 
variation in germline mutation rate and that 
there is considerable scope for heritable varia- 
tion in observable PZM burden. The inability 
of the models to explain all variation implies 
that there are additional factors associated 
with detectable mutation burden and/or that 
stochasticity plays a major role in mosaicism 
(20, 21). A reanalysis of the data that incor- 
porated information on the apparent clonality 
of mutations produced models with similar 
biological conclusions and less explanatory 
power (16) (fig. S7 and table S11). 


Mutation spectra are variable across tissues 
and reflect known biological processes 


Diverse processes mutate the human genome 
with characteristic mutational signatures (22). 
Thus, the observed mutation spectra can pro- 
vide insight on the types and relative activities 
of the unobserved mutation processes that 
occurred. We estimated the contribution of 
canonical mutation signatures for each tis- 
sue. Because of the relatively low number of 
detected mutations, mutation spectra were 
reliably deconstructed for only four tissues 
or cell types (J6) (fig. S8). Consistent with ex- 
pectations and previous studies (3, 6, 7), the 
mutations were resolved into mutational 
signatures associated with age in all tissues 
and ultraviolet light exposure in skin-related 
tissues (fig. S9). 

For a higher powered, but coarser-grained 
analysis of mutation spectra, we assessed the 
frequency of the six base substitutions across 
all tissues (fig. S8). Mutation spectra were 
highly variable across tissues, which suggests 
that mutational mechanisms and their rela- 
tive activity may vary across the human body. 
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C > T was the most common mutation type 
across tissues, whereas C > G and T > A were 
the least common. Hierarchical clustering of 
the mutation types revealed two significant 
large clusters (P < 1 x 10~°, bootstrap resam- 
pling). We denoted these as cluster A (marked 
by depleted T > G) and cluster B (marked by 
elevated T > G). Cluster membership was as- 
sociated with mutation burden, which suggests 
that the underlying mutation mechanisms 
may be coupled to the frequency of mutagenic 
events (P = 3.8 x 10°*, Mann-Whitney U test). 
Additionally, cluster B was enriched with neural 
ectoderm tissues compared with cluster A (P = 
7.7 x 10~°, Fisher’s exact test). These clusters 
could not be attributed to differences in sam- 
ple processing (J6) (fig. S10). We speculated 
that these clusters may reflect differences in 
the relative contributions of mutations ac- 
quired during prenatal development and mu- 
tations that accrue during age-related tissue 
renewal. To further study the properties of 
prenatal and postnatal PZMs, we developed 
methods to define the developmental origin 
of each PZM. 


The developmental origins of prenatal PZMs 
Multitissue PZMs exhibit prenatal properties 


We defined a multitissue PZM as a PZM that 
was detected in at least two tissues from the 
same donor. Because the PZM burden was 
relatively low across tissues (Fig. 1) and PZMs 
are predominantly under neutral selection 
(11), we hypothesized that a multitissue PZM 
was the result of a single PZM that occurred 
in a common ancestor of the mutated tissues. 
Because the common ancestors of any set of 
GTEx tissues (excluding cell lines) occurred 
before the end of organogenesis, multitissue 
PZMs may have occurred prenatally. Consistent 
with this hypothesis, we found several lines of 
evidence suggesting that the multitissue PZMs 
occurred prenatally (76) (figs. S11 and S12). We 
found a significant positive correlation be- 
tween VAF and the fraction of the donor’s 
tissues that had the multitissue mutation de- 
tected (Spearman’s p = 0.34; P = 9.7 x 10°°°, 
Spearman’s rank correlation test; fig. S11A). 
Controlling for technical and biological con- 
founders, age was not significantly associ- 
ated with multitissue mutation burden for 
most tissues but was significantly associated 
with single-tissue mutation burden for a large 
number of tissues (fig. S11, B and C). Addi- 
tionally, the multitissue age regression coef- 
ficients were significantly smaller than the 
single-tissue age regression coefficients (P = 
0.016, Wilcoxon signed-rank test) (fig. S11D). 
We denoted these multitissue mutations as 
prenatal PZMs, and all other mutations were 
called postnatal PZMs. We note that there may 
be an error rate associated with this clas- 
sification because some mutations labeled as 
postnatal may have been prenatal mutations 
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lost in some tissues or may have been unde- 
tected in some donors because of limited 
samples. 


PZM burden and spectra vary throughout 
prenatal development with most mutations 
occurring during early embryogenesis 


To determine when and where PZMs occur in 
prenatal development, we developed a meth- 
od called LachesisMap to map the origin of 
1864 prenatal mutation events (16) (Fig. 2A, 
figs. S13 to S16, and table S12). Briefly, the 
method takes as input a directed rooted tree 


representing the developmental relationships 
among the tissues and a list of multitissue 
PZMs and maps the PZMs to the tree while 
accounting for differential mutation detec- 
tion power across the genome, human body, 
and developmental tree. The algorithm out- 
puts a list of edge weights that represent the 
estimated fraction of PZMs that occurred in 
that spatiotemporal window of development. 

The mutation burdens across developmen- 
tal time and space were highly variable, with 
edge weights ranging from 0.04 to 23%, and 
appeared compatible with an exponential dis- 


Mutation burden B 


tribution (P = 0.56, Kruskal-Wallis test). The 
ensemble of observed edge weights was sig- 
nificantly different from random (P = 2.2 x 
10-°°8, multinomial goodness-of-fit test), and 
the majority of individual edge weights (56%, 
14/25) were significantly different from ran- 
dom after Benjamini-Hochberg correction 
(permutation tests) (fig. S17). The top two edge 
weights, representing 41% of prenatal muta- 
tion events, were the zygote-to-gastrula tran- 
sition and the ectoderm-to-neural ectoderm 
transition, which suggests that most detect- 
able prenatal mutations occur during early 
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See fig. S13A for the full set of vertex labels. Adult tissues (leaves of tree) 

are colored using the GTEx coloring convention (see table S8 for a complete 
legend). (C) Local variation in mutation spectra across developmental space and 
time. Each facet represents the mutation spectra observed in a parent edge 
(leftmost bar plot) and its children's edges. Statistically significant differences in 
mutation spectra are annotated with asterisks. 


Fig. 2. Mutation burden and spectra of prenatal PZMs across time and 
space. (A) Prenatal PZM mutation burden. Edge color represents the percent of 
prenatal PZMs mapped to that period in development. Thick gray edges are 
edges with limited mutation detection power. (B) Edge color represents the 
predominant mutation type of mutations mapped to that edge, as established by 
binomial testing. Thin gray edges are edges with no predominant mutation type. 
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embryogenesis (14, 23). Notably, the edge muta- 
tion burdens were not explained by differential 
edge mapping power across the developmen- 
tal tissue tree (6) (fig. S17). It is also important 
to note that these are estimates for mutations 
that are detectable in adulthood—the data do 
not allow for extrapolating to all developmen- 
tally acquired mutations because some frac- 
tion is likely lost through cell death, revertant 
mosaicism, etc. 

We next investigated whether the muta- 
tional processes, as proxied by their mutation 
spectra, varied over development, using bino- 
mial tests to establish the predominant muta- 
tion type on each edge. There was a strong 
dichotomy between ectoderm lineages, which 
tended to have T > G mutations, and endoderm 
and mesoderm lineages, which tended to have 
C > A mutations (Fig. 2B). These observations 
could not be attributed to differences in sam- 
ple processing (16) (fig. S10). 

In addition to global changes in mutation 
across the tree, we also examined local changes 
by comparing mutation spectra between sib- 
ling edges (local spatial differences) and parent- 
child edges (local temporal differences) (Fig. 
2C). Significant spatial and temporal varia- 
tion was detected during gastrulation and in 
ectodermal lineages (Q < 0.05, multinomial 
goodness-of-fit test). Differences in mutation 
spectra across developmental space [7 = 4/8 
(50%) sibling edge comparisons] occurred at 
similar rates as differences along developmen- 
tal time [7 = 8/18 (44%) parent-child compar- 
isons] (P = 1.00, Fisher’s exact test). 

Together, these results suggest that the mu- 
tational mechanisms that operate during de- 
velopment may vary across space and time. 
Although published data are limited, others 
have also detected variations in mutation spec- 
tra in fetal stem cells in humans (24) and dur- 
ing early embryogenesis and gametogenesis in 
mice (25). We repeated these analyses using a 
simplified germ layer tree and observed sim- 
ilar results as from the full developmental 
tissue tree (fig. $18), which suggests that the 
development tree definition does not subs- 
tantially affect the results. 


The functional consequences of PZMs across 
the human life span 


The GTEx PZM atlas provides a great oppor- 
tunity to compare the quality and fitness con- 
sequences of mutations that arise at different 
stages of the human life cycle. First, we an- 
notated the PZM atlas with Combined Anno- 
tation Dependent Depletion (CADD), a widely 
used machine learning classifier of genetic 
variation (26). The CADD score of a genetic 
variant is a quantitative prediction of dele- 
teriousness, measured on an evolutionary time 
scale. A mutation was defined as deleterious if 
the PHRED-scaled CADD score was =20. We 
performed a series of systematic comparisons 
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of PZM CADD scores to identify differences 
across mutation VAF, developmental time, 
developmental location, and tissue type. 

When comparing prenatal and postnatal 
PZMs, we found a major effect of VAF on the 
distribution of CADD scores (Fig. 3A and fig. 
$19). For prenatal PZMs, low-VAF PZMs were 
much more deleterious than high-VAF PZMs 
(odds ratio = 1.9, P = 2.6 x 107’, Fisher’s exact 
test), whereas no such difference was observed 
for postnatal PZMs (P = 0.24, Wald test). Fur- 
thermore, we found that for low-VAF PZMs, del- 
eteriousness decreased over time (odds ratio = 
0.58, P = 1.4 x 10°) but remained constant for 
high-VAF PZMs (P = 0.15). These results sug- 
gest that mutations that appear deleterious 
on an evolutionary time scale may be benign 
or even beneficial to a growing fetus so long 
as the mutation remains in a small fraction 
of cells. 

Next, we explored whether deleteriousness 
varied across the adult human body by com- 
paring postnatal PZMs in each adult tissue. 
PZM deleteriousness was similar across tis- 
sues; however, there were a few exceptions 
(Fig. 3B). PZMs in 6/48 (13%) tissues were sig- 
nificantly less deleterious than the average 
tissue, and PZMs in 3/48 (6%) tissues were 
more deleterious (Q < 0.05, Wald test). When 
analyzed together, the PZMs from all brain re- 
gions were also more deleterious than average 
(P = 0.02, Fisher’s exact test). 

Finally, to provide context for our results, we 
compared the deleteriousness of GTEx PZMs 
with other classes of single-nucleotide genetic 
variation: (i) random mutations (simulated 
from two different models of neutral evolu- 
tion), (ii) standing germline variation [from 
gnomAD, a comprehensive database of germ- 
line genetic variation (27)], (iii) inherited 
de novo mutations from cases of disease and 
controls [from denovo-db, a curated database 
of de novo mutations (28)], and (iv) somatic 
mutations observed in cancer (from TCGA, a 
comprehensive database of cancer somatic 
mutations) (29). 

The low-VAF prenatal PZMs were the most 
deleterious class of genetic variation inves- 
tigated (Fig. 3C and fig. S19). Using the sim- 
ulated random mutations as a reference, we 
found postnatal PZMs, de novo mutations in 
cases, and somatic cancer mutations to be 
significantly enriched for deleterious muta- 
tions (Q < 0.05, Fisher’s exact test). De novo 
mutations in controls and high-VAF prenatal 
PZMs were not statistically different from sim- 
ulated random mutations. Inherited germline 
variants were depleted of deleterious muta- 
tions, with the extent of depletion increasing 
with population frequency. These observations 
were recapitulated in three validation datasets 
that used a variety of nucleic acid sources and 
variant-calling methods (6) (figs. S20 to S23 
and table S13). 
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The selective constraint on the transcribed 
exome varies throughout the human life span 
The deleteriousness results suggest that selec- 
tion pressure may be different across classes 
of genetic variation. We investigated this hy- 
pothesis by estimating the selection pressure 
on PZMs and other classes of genetic variation 
using dN/dS, a normalized rate of nonsynon- 
ymous to synonymous mutations (30). dN/dS 
values >1 were interpreted as evidence for 
positive selection, whereas negative selection 
can lead to dN/dS values <1. Using dNdScv, a 
method for the study of somatic evolution (1D), 
we assessed dN/dS across VAF, developmen- 
tal time, developmental location, and tissue 
type and contextualized the results by com- 
paring selection pressures on PZMs with other 
classes of genetic variation as before (/6) (Fig. 
3, D and E, and figs. S24 to S26). 

For most tissues of the body, single-tissue 
dN/dS was not significantly different from 1, 
consistent with previous work (77). However, 
for postnatal missense mutations, dN/dS was 
higher for high-VAF PZMs compared with low- 
VAF PZMs for all tissues en masse and for 
three tissues or cell types individually [whole 
blood, Epstein-Barr virus (EBV)-transformed 
lymphocytes, and adrenal gland] (fig. S24). 
Additionally, dN/dS estimates for high-VAF 
postnatal PZMs were higher in cancer driver 
genes than noncancer driver genes for all tis- 
sues en masse, sun-exposed skin, and esophagus 
mucosa—tissues where the action of adaptive 
evolution has already been documented (7, 37) 
(Fig. 3D). These observations are consistent 
with the expectation that positive selection on 
a mutation may result in clonal growth, and 
we detected mutations associated with clonal 
hematopoiesis of indeterminant potential (CHIP) 
in the blood of individuals without apparent 
hematological malignancies (16) (fig. S27). Six 
separate CHIP mutations were detected in 
seven samples (table S14). Two of the muta- 
tions IDH2 R140Q and MYD88 L273P) are in 
the 99.99th percentile of recurrent mutations in 
hematopoietic and lymphoid cancers and have 
been shown to have gain-of-function properties 
(32, 33). In total, 0.1% (1/746) of whole-blood 
donors and 3.5% (6/174) of EBV-transformed 
lymphocyte donors had a CHIP mutation. No- 
tably, none of the CHIP-positive donors had a 
history of cancer. The observed CHIP preva- 
lence in GTEx is similar to what we would ex- 
pect given the age demographics of the cohort 
and published prevalence rates (2). 

dN/dS for the low-VAF prenatal PZM class 
was nominally greater than 1 (missense dN/dS = 
1.25, P = 0.047) (Fig. 3E). The high-VAF post- 
natal nonsense mutations showed dN/dS val- 
ues much less than 1, which can be attributed 
to sampling bias against transcripts carrying 
premature stop codons, because of nonsense- 
mediated decay (34). Altogether, the deleterious- 
ness and selection results suggest a dichotomy 
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Fig. 3. Deleteriousness and selective pressure changes as a function of 
VAF, space, time, and classes of genetic variation. (A) Relative odds of 
detecting deleterious mutations across developmental time (gray bars) and VAF 
bins (green bars). (B) Histogram of the odds of detecting deleterious postnatal 
PZMs in each tissue compared with the average tissue. Tissues are colored using 
the GTEx coloring convention (see table S8 for a complete legend). Tissues with 
significant odds ratios (at Q < 0.05) are marked with asterisks and labeled with their 
names. The vertical dashed line at odds ratio = 1 indicates no difference in odds. 
(C) Relative odds of detecting deleterious PZM mutations compared with different 
classes of genetic variation. Dashed line at odds ratio = 1 indicates no difference 

in odds of detecting deleterious mutations compared with reference group. Error bars 
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represent 95% Cls. (D) Comparison of postnatal PZM selection pressure in 
cancer and noncancer genes. For clarity, only PZM datasets that had different 
selection pressure between cancer and noncancer genes are shown. (Top) 

PZM datasets that had variable selection when using all mutations. (Middle) 
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values for classes of genetic variation, as in (C). Cls are plotted behind each data 
point and are sometimes smaller than the data point size. dN/dS = 1 indicates 
neutral expectation. AF, allele frequency; BRCA, breast invasive carcinoma; GBM, 
glioblastoma multiforme; LIHC, liver hepatocellular carcinoma; PAAD, pancreatic 
adenocarcinoma; SKCM, skin cutaneous melanoma. 
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between growth within an individual versus 
growth within a population: Mutations that are 
selected for within parts of an individual may be 
detrimental when considered across the entire 
life span. 


Characterization of germ cell PZMs 
Construction of a catalog of germ cell PZMs 
throughout the germ cell life cycle 


Although a great deal is known about germ- 
line variation (27) and de novo mutations 
(25, 35-39), much less is known about the 
PZMs that seed these forms of inherited ge- 
netic variation. To better understand PZMs 
in germ cells, we characterized and contrasted 
the mutation burden, spectra, and deleteri- 
ousness of germ cell PZMs across the germ cell 
life cycle. 

Because of cell composition differences be- 
tween male and female gonads, PZMs in testes 
samples could be confidently mapped to germ 
cells, but PZMs in ovary samples could not (/6) 
(fig. S28 and table S15). Therefore, only tes- 
ticular germ cell PZMs were analyzed further. 
Germ cell PZMs were classified into gonoso- 
mal (present in somatic and germ cells) and 
germ cell-specific. In total, 571 germ cell PZMs 
were identified in the bulk testis from 281 testis 
donors, of which 12% were putative gonosomal 
PZMs and the remaining 88% were putative 
germ cell-specific PZMs. As expected, germ cell- 
specific PZM burden was positively associated 
with donor age (P = 0.03), but gonosomal mu- 
tation burden was not (P = 0.28). Addition- 
ally, as expected, germ cell-specific PZMs had 
lower VAFs than gonosomal PZMs (P = 1.3 x 
10-“*, Mann-Whitney U test; fig. S28E). 

Testicular germ cell PZMs represent the full 
reservoir of mutations that can be passed on to 
progeny. We hypothesized that the selection 
pressures on spermatogenesis, fertilization, 
and prenatal development may alter the types 
of mutations that pass through each of these 
bottlenecks of life. To examine germ cell PZMs 
that passed the spermatogenesis bottleneck, 
we generated whole-exome sequencing data 
on small, 200-cell pools of ejaculated sperm 
and identified and validated 83 PZMs in the 
same genomic regions that we assessed in 
the GTEx RNA-seq samples (defined as the 
allowable transcriptome) (76) (tables S1 and 
S16 and fig. S29). To examine germ cell PZMs 
that completed prenatal development, we used 
~17,000 de novo mutations in the allowable 
transcriptome from denovo-db (28). 

The mutation spectra for each germ cell 
mutation dataset were statistically different 
from the others (Fig. 4A and table S17; chi- 
square test). Although C > T was the most com- 
mon mutation type in all datasets, C > A was 
the most variable. Hierarchical clustering of 
the spectra nested the classes in developmen- 
tal order, indicating that the mutation spec- 
tra shift during development (Fig. 4A, inset). 
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Given the complex ascertainment of these di- 
verse mutation call-sets, we cannot exclude the 
possibility that some of the apparent structure 
is attributable to differences in mutation de- 
tection among sources, as a result of either 
bioinformatic or experimental effects. 


Deleterious mutations are likely purged during 
the germ cell life cycle 


Consistent with the action of purifying selec- 
tion on male germ cells, we found that muta- 
tion deleteriousness decreased over the germ 
cell life cycle when comparing testicular germ 
cell PZMs and de novo mutations in controls 
(Fig. 4B). By contrast, de novo mutations from 
cases of disease were just as likely to be del- 
eterious as testis PZMs. To replicate these ob- 
servations, we performed a similar analysis 
using only DNA-based measurements from 
published datasets (10, 16, 40) (fig. S30). Both 
the fraction of coding mutations and the odds 
of detecting a deleterious mutation decreased 
over the germ cell life cycle in the independent 
datasets (fig. S30). Donor age was not associ- 
ated with PZM deleteriousness in each dataset. 


The mutation rate during male gametogenesis 

is dynamic 

We estimated the mutation rate (the number 
of mutations in the transcriptome per cell di- 
vision) for each of three major stages during 
male gametogenesis (16). Consistent with pre- 
vious work (37), the observed mutation rate 
was higher in prenatal time points than the 
postnatal time point (Fig. 4C). The observed 
lower mutation rate during adulthood may be 
a strategy to limit the number of deleterious 
mutations that are passed to the next genera- 
tion. Unlike Rahbari e¢ al. (37) and other studies 
that have used transmitted de novo mutations 
to measure mutation rates (35, 36, 38, 39), 
these estimates reflect mutation rates in germ 
cells in the testis and thus offer insight on 
germ cell mutagenesis. 


Blood is a poor surrogate for measuring 
mosaicism of gonosomal PZMs 


Motivated by the fact that only a small subset 
of tissue types is easily and ethically accessi- 
ble in antemortem human subjects research, 
we hypothesized that more-accessible tissues 
may be useful surrogates for examining pre- 
natal PZMs in less-accessible tissues. The re- 
sults of such analyses may shed light on the 
cellular dynamics of human development and 
implications for preconception genetic coun- 
seling and de novo mutation discovery. 

We fit a mixed-effects model to predict 
whether a gonosomal PZM was detected in a 
somatic tissue while controlling for techni- 
cal effects (16). Unexpectedly, 88% (38/43) of 
tissues had significantly higher odds of detect- 
ing gonosomal PZMs than in blood (Fig. 4D), 
which suggests that blood is a poor surrogate 


14 April 2023 


for detecting gonosomal PZMs. Additionally, 
76% (32/42) of somatic tissues had a signifi- 
cant linear correlation between the somatic 
VAF and the germ cell VAF (Fig. 4, E and F; 
Q < 0.05, Pearson’s correlation test), which 
suggests that somatic tissues may offer a faith- 
ful representation of gonosomal PZMs in germ 
cells. These observations were not an artificial 
result of germline variant filtering or our cross- 
sample mutation-calling strategy (16) (fig. S31). 
Although 82% of GTEx donors were geno- 
typed using blood, for 6% of GTEx donors, a 
nonblood tissue was used for genotyping, and 
for 12% of donors, no genotyping data were 
available. There was no detectable difference 
among these three groups in the probability 
of detecting a prenatal PZM in blood while 
controlling for other confounders; this sug- 
gests that poor detection of gonosomal PZMs 
in blood is not simply the result of aggressive 
germline filtering using genotype calls from 
blood-derived DNA (J6). 


Discussion 


In this work, we present one of the most com- 
prehensive and diverse surveys of PZM varia- 
tion in normal individuals, which should prove 
a valuable resource for understanding the 
causes and consequences of PZMs across the 
body. By linking these mutation calls to 
the vast data and tissue resources of the GTEx 
project, there are a number of analyses that 
could be attempted. First, if there is a heritable 
component to PZM burden, variants modu- 
lating this burden may be detectable using 
genome-wide association studies (GWASs) 
(41, 42). Second, the impact of PZMs on gene 
expression traits, both in cis and trans, can 
be directly assessed (9, 43). Third, the spatial 
and cell-type distribution of the mutations re- 
ported here could be mapped in banked tis- 
sue samples from the GTEx donors (7, 44), and 
the mutation type and burden of each sam- 
ple could be associated with histology images 
collected by the GTEx project. We performed 
extensive validation of our PZM call-set, and 
these validation data will be helpful in train- 
ing algorithms for PZM detection. 

We observed a number of notable features 
regarding the developmental origins of muta- 
tions that deserve follow up. Most intriguing is 
a class of low-VAF prenatal mutations that ap- 
pear to have the highest fraction of deleterious 
mutations across the human life span, even 
considering disease states. This observation, 
based on a definition of deleteriousness on an 
evolutionary time scale, suggests that the func- 
tional consequences of mutation can have op- 
posite fitness effects at different stages of the 
life cycle of genomes and in different cellular 
contexts. One well-established example of marked 
differences in fitness effects between somatic 
and germline cells is the RAS-MAPK pathway, 
in which gain-of-function mutations provide a 
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Fig. 4. Germ cell PZM characteristics. (A) Mutation spectra of different germ 
cell mutation classes. Number of mutations used in each dataset is listed in the 
inset. (Inset) Hierarchical clustering of germ cell mutation spectra. (B) Relative 
odds of detecting deleterious mutations across germ cell datasets compared 
with testis PZMs. Bars are colored by dataset. Horizontal black line at odds ratio 
= 1 denotes no difference in odds. (C) Germ cell mutation rate varies during 
gametogenesis in males. (D) Most somatic tissues have a higher odds of 
detecting a gonosomal PZM than blood. Natural log odds ratio for detecting a 


transmission advantage to male germ cells but 
are often reproductively lethal for the resulting 
conceptus (45, 46). Although some parallels have 
been noted between molecular mechanisms 
of carcinogenesis and normal embryogenesis 
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(47, 48), there are essentially no data on the po- 
tential adaptive effects of PZMs on embryonic or 
fetal development in healthy individuals. 

We advise caution in the interpretation of the 
dN/dS values for multitissue PZMs. Although 
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gonosomal PZM in each somatic tissue compared with blood. Dashed line at 

Y = 0 denotes no difference in odds. (E) Comparison of gonosomal PZM VAF in 
nontestis tissues versus testis tissue. (F) Distribution of tissue-specific Pearson 
correlations of logj9-transformed gonosomal PZM VAFs in each somatic tissue 
and testis. Significant correlations at Q < 0.05 are marked with asterisks. 

(G) Schematic of the difference in selective constraint between germline and 
somatic genetic variation partitioned into discrete stages of the life cycle. [(A), 
(B), (C), and (D)] Error bars denote 95% Cls. 


we have evaluated obvious sources of technical 
error, such as the multitissue ascertainment (fig. 
$25) and small sample size (fig. S26), there may 
be other complexities influencing this rather 
general statistic, including recurrent mutation 
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and changes in mutation processes through- 
out development. Clearly it will be important 
to continue research into appropriate statisti- 
cal methods for assessing fitness consequences 
of PZMs from multitissue datasets. 

We found that blood-derived RNA appeared 
to be a poor proxy for detection of gonosomal 
mutations. On the basis of these results, for 
trio studies, we recommend that sperm (a di- 
rect readout of germ cells) should be profiled 
in males and skin (which is predicted to be 
more than five times as likely as blood to 
contain a gonosomal PZM) should be profiled 
in females. It should be noted that these find- 
ings on gonosomal PZMs were based on anal- 
ysis of data exclusively from male tissues. We 
are optimistic that this conclusion will hold 
for female gonosomal mutations. In humans, 
male and female germ cells are both formed 
from a common progenitor cell type, primor- 
dial germ cells (PGCs). Early embryonic devel- 
opment, up to and including the formation 
of PGCs, is the time frame in which gonosomal 
mutations occur and is thought to occur iden- 
tically in males and females (49). The devel- 
opmental phylogeny that relates PGCs and 
the three germ layers is unclear, and the pat- 
terns of gonosomal mutations observed across 
human tissues may yield important insight 
into the matter. Some studies have indicated 
that PGCs may be most related to the meso- 
derm: Incipient mesoderm or mesendoderm 
cells can be induced to form PGC-like cells 
in vitro (50, 51), and PGCs may share expres- 
sion markers with mesoderm or primitive streak 
(52). However, loss of BLIMP1, a key driver of 
germline identity, from germline-competent 
cells leads to activation of a default neuronal 
differentiation program (50). When mapping 
gonosomal mutations frequencies across the 
body, we found that brain tissues were most 
similar to the testis (Fig. 4F). This might be an 
indication that PGCs and the ectoderm share a 
closer developmental origin. 

We reported a large difference in deleteri- 
ousness and dN/dS inferred from PZMs and 
inherited germline variants, consistent with 
strong purifying selection reducing the trans- 
mission of deleterious mutation across gen- 
erations. An important future direction is to 
dissect and quantify the physiological basis of 
this purifying selection (Fig. 4G). With careful 
thought and experimental design, it should 
be possible to model the steps of the human 
life cycle where purifying selection can occur, 
to estimate the strength of selection at each 
step, and to translate these data into life stage- 
specific measures of selective constraint for 
each gene in the genome. This would be of 
great benefit to human geneticists, who rely 
heavily on selective-constraint measures ag- 
gregated across the life cycle (such as CADD) 
for interpretation of genetic variants in the 
context of disease (53, 54). Stage-specific con- 
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straint metrics could augment current methods 
for variant interpretation to be more relevant 
to the tissue and developmental time affected 
by a disease. 


Materials and methods summary 
GTEx data 


We detected PZMs in the GTEx v8 dataset. To 
achieve a high-quality dataset, we removed 
RNA-seq samples that had an RNA integrity 
number (RIN) < 6, were derived from tissues 
with overall poor quality (8), or had an ex- 
tremely high PZM mutation burden (table $2). 
We also confirmed that none of the analyzed 
samples were from transplanted tissue. After 
our quality control, there were 14,672 samples 
from 944 donors from 48 diverse tissue and 
cell types. Library preparation, sequencing, 
alignment, and GTEx quality control are 
described in detail in Aguet et al. (15). 


Algorithms for detecting PZMs 


LachesisDetect contains four basic steps. First, 
alignment files are filtered for extremely high- 
quality alignments. Next, the algorithm lever- 
ages cohort-wide information by simultaneously 
analyzing all samples to estimate position- 
specific error models for >115 Mb of the tran- 
scriptome. LachesisDetect uses these models 
to detect putative PZMs with single-sample 
calling. Third, the method removes sources 
of false-positive PZMs, such as RNA editing 
and allele-specific expression of germline var- 
jants, using >15 filters based on theoretical 
and experimental validation metrics. In the 
last step, the method leverages donor infor- 
mation by jointly analyzing all samples in a 
donor to detect mutations with low power and 
estimate empirical false-positive rates (fig. S1). 


PZM validation 


We performed several orthogonal validation ex- 
periments to quantify the FDR of the mutation- 
calling algorithm. These efforts included both 
in silico and experimental approaches and in- 
volved analysis of both DNA and RNA from 
the tissues used for mutation detection. A 
summary of the validation results is provided 
in table S3. We analyzed independent ge- 
nomics datasets generated by the ENCODE 
project on four GTEx donors, encompassing 
245 DNA assays and 67 RNA assays generated 
from four GTEx donors. Finally, we generated 
our own validation data by performing tar- 
geted DNA-seq of >1650 putative PZMs using 
DNA from GTEx donors. 


Mutation burden modeling 


To evaluate biological and technical sources of 
variation in mutation burden, we used linear 
mixed-effect models. We explored a large variety 
of model choices to arrive at our final modeling 
framework, comparing modeling choices using 
deviance, stability of model fitting, and other 
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diagnostics. We used type II ANOVA to sum- 
marize the relative contributions of covariates. 


Algorithm for mapping PZMs to a 
developmental tree 


We manually derived two developmental tissue 
trees that represent the phylogenetic relationships 
among GTEx tissues during human develop- 
ment using information from the literature— 
the full tree and the simplified germ layer tree. 
We then developed an algorithm, LachesisMap, 
to reconstruct the phylogenetic history of multi- 
tissue PZMs. The algorithm jointly analyzes all 
multitissue PZMs and accounts for missing 
data as well as differential PZM detection power 
resulting from differences in VAF, expression 
level, and tissue profiling in the dataset. 


Sperm sequencing experiments 


Ejaculated sperm and venous blood were 
collected from a European American. Sperm 
samples had normal sperm density, sperm 
motility, and morphology. Fresh ejaculates 
were stained using the LIVE/DEAD Sperm 
Viability Kit (Invitrogen) and propidium iodide 
(PI). Sperm samples were then selectively sorted 
using fluorescence-activated cell sorting (FACS) 
into 96 well plates (~200 sperm cells per well) 
and 5-m1 Falcon tubes based on their stain- 
ing. We used MALBAC amplification (55) to 
prepare up to 1.5 ug of DNA from each pool of 
sperm using a kit, and six pools were selected 
for sequencing. Exome library preparation was 
performed according to the manufacturer’s 
protocol using 50 ng of preamplified MALBAC 
reactions or DNA extracted from blood. 
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INTRODUCTION: Inherent in traditional views of 
ape origins is the idea that, like living apes, 
early large-bodied apes lived in tropical forests. 
In response to constraints related to locomot- 
ing in forest canopies, it has been proposed that 
early apes evolved their quintessential upright 
torsos and acrobatic climbing and suspensory 
abilities, enhancing their locomotor versatility, 
to distribute their weight among small sup- 
ports and thus reach ripe fruit in the terminal 
branches. This feeding and locomotor transi- 
tion from a quadruped with a horizontal torso 
is thought to have occurred in the Middle 
Miocene due to an increasingly seasonal cli- 
mate and feeding competition from evolving 
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monkeys. Although ecological and behavioral 
comparisons among living apes and monkeys 
provide evidence for versions of terminal branch 
forest frugivory hypotheses, corroboration from 
the early ape fossil record has been lacking, as 
have detailed reconstructions of the habitats 
where the first apes evolved. 


RATIONALE: The Early Miocene fossil site of 
Moroto II in Uganda provides a unique op- 
portunity to test the predictions of terminal 
branch forest frugivory hypotheses. Moroto II 
documents the oldest [21 million years ago (Ma)] 
well-established paleontological record of ape 
teeth and postcranial bones from a single lo- 
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cality and preserves paleoecological pra Chec 
to reconstruct the environment. The fol!—.. 
ing lines of evidence from Moroto II were 
analyzed: (i) the functional anatomy of fe- 
mora and a vertebra attributed to the ape 
Morotopithecus; (ii) dental traits, including mo- 
lar shape and isotopic profiles of Morotopithecus 
enamel; (iii) isotopic dietary paleoecology of 
associated fossil mammals; (iv) biogeochemical 
signals from paleosols (ancient soils) that re- 
flect local relative proportions of C3 (trees and 
shrubs) and C, (tropical grasses and sedges 
that can endure water stress) vegetation as well 
as rainfall; and (v) assemblages of phytoliths, 
microscopic plant-derived silica bodies that 
reflect past plant communities. 


RESULTS: A short, strong femur biomechani- 
cally favorable to vertical climbing and a ver- 
tebra indicating a dorsostable lower back 
confirm that ape fossils from Moroto II shared 
locomotor traits with living apes. Both 
Morotopithecus and a smaller ape from the 
site have elongated molars with well-developed 
crests for shearing leaves. Carbon isotopic sig- 
natures of the enamel of these apes and of 
other fossil mammals indicate that some mam- 
mals consistently fed on water-stressed C; plants, 
and possibly also C, vegetation, in a woodland 
setting. Carbon isotope values of pedogenic carbon- 
ates, paleosol organic matter, and plant waxes all 
point to substantial C, grass biomass on the 
landscape. Analysis of paleosols also indicates 
subhumid, strongly seasonal rainfall, and phyto- 
lith assemblages include forms from both arid- 
adapted C, grasses and forest-indicator plants. 


CONCLUSION: The ancient co-occurrence of 
dental specializations for leaf eating, rather 
than ripe fruit consumption, along with ape- 
like locomotor abilities counters the predic- 
tions of the terminal branch forest frugivory 
hypotheses. The combined paleoecological 
evidence situates Morotopithecus in a wood- 
land with a broken canopy and substantial 
grass understory including C, species. These 
findings call for a new paradigm for the evo- 
lutionary origins of early apes. We propose that 
seasonal, wooded environments may have ex- 
erted previously unrecognized selective pres- 
sures in the evolution of arboreal apes. For 
example, some apes may have needed to 
access leaves in the higher canopy in times of 
low fruit availability and to be adept at as- 
cending and descending from trees that lacked 
a continuous canopy. 
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Living hominoids are distinguished by upright torsos and versatile locomotion. It is hypothesized that 
these features evolved for feeding on fruit from terminal branches in forests. To investigate the 
evolutionary context of hominoid adaptive origins, we analyzed multiple paleoenvironmental proxies 

in conjunction with hominoid fossils from the Moroto II site in Uganda. The data indicate seasonally 
dry woodlands with the earliest evidence of abundant C, grasses in Africa based on a confirmed age of 
21 million years ago (Ma). We demonstrate that the leaf-eating hominoid Morotopithecus consumed 
water-stressed vegetation, and postcrania from the site indicate ape-like locomotor adaptations. These 
findings suggest that the origin of hominoid locomotor versatility is associated with foraging on leaves in 


heterogeneous, open woodlands rather than forests. 


iving nonhuman hominoids are distin- 
guished from most other primates by 
postcranial adaptations that facilitate 
arboreal positional behaviors in which 
the torso is upright (orthograde) and the 
fore- and hindlimbs often have wide excur- 
sions and are oriented in different directions. 
Most hypotheses seeking to explain the adapt- 
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ive significance of these versatile behaviors 
propose that they help medium- and large- 
bodied primates forage for ripe fruit in the ter- 
minal branches or the upper canopy of forests, 
where small, flexible branches must be navi- 
gated [e.g., -4)]. Such terminal branch forest 
frugivory hypotheses predict that versatile posi- 
tional behaviors (including both postures and 
locomotion) would have first appeared in hom- 
inoids that were committed frugivores and 
were foraging in tropical forest habitats. 

The Moroto II Miocene fossil site in Uganda 
(Fig. 1) provides a unique opportunity to test 
these predictions because it documents the 
oldest well-established paleontological record 
of hominoid teeth and postcranial bones from 
a single locality. Here, we report on new ra- 
diometric dates, data on fossil hominoid diet 
and locomotion, and multiple paleoecological 
proxies from Moroto II that allow us to elu- 
cidate the evolutionary context and refine the 
nature and timing of key aspects of early hom- 
inoid adaptive origins. 


Background 
Terminal branch forest frugivory hypotheses 


Hominoid arboreal positional behavior is par- 
ticularly versatile because it involves transi- 
tions among a range of postural and locomotor 
modes and across a range of substrates. This 
versatile behavior fundamentally stems from 
having a dorsostable, orthograde torso, which 
in turn facilitates differential limb use and the 
ability to have limbs aligned differently while 
serving a weight-bearing function. Although 
this use of the term “versatile” is not estab- 
lished in the literature, which has an accepted 
positional behavioral terminology that that both 
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consolidates and simplifies nomenclature (4-7), 
we use it as shorthand to refer to behaviors 
such as vertical climbing on substrates oriented 
245° arboreal travel during which multiple 
limbs are propulsive but oriented differently, 
and suspension (below-branch behaviors) (movies 
S1 to $3). Versatile behavior thus represents 
an alternative to quadrupedalism, in which 
the torso is roughly horizontal (pronograde), 
limbs are generally below the body, and joint 
excursions are more modest (4). Versatile be- 
haviors are thought to be especially impor- 
tant when moving in the trees with a large 
body size and have been linked to hominoid- 
specific anatomical specializations, includ- 
ing dorsoventrally shallow but mediolaterally 
broad torsos; dorsally placed scapulae; rela- 
tively short, dorsostable lumbar regions; rela- 
tively long forelimbs paired with relatively 
short hindlimbs; mobile limb joints; manual 
and pedal specializations for grasping; and tail 
loss (8, 9). 

In attempting to explain the evolutionary 
origins of the unique hominoid body plan, re- 
searchers have focused on particular versatile 
behaviors, including suspension (JO, 71), qua- 
drumanous climbing (72), and vertical climb- 
ing (13, 14), all of which normally incorporate 
the use of limbs outside of the parasagittal 
plane. These capabilities also rely on an up- 
right, stable torso, so it has been further sug- 
gested that it is the capacity for orthogrady 
that may be largely responsible for hominoid 
positional behavioral distinctiveness (6, 15). 

Several influential hypotheses have been 
advanced to explain the adaptive significance 
of the acquisition of versatile positional be- 
haviors in hominoids and are here grouped 
under a single umbrella as the terminal branch 
forest frugivory hypotheses. The earlier forms 
of these hypotheses focused on substrate. It 
was proposed that versatile behaviors contrib- 
ute to the fitness of medium- and large-bodied 
apes by allowing them to use multiple sup- 
ports to distribute their weight and thereby 
successfully forage either in the terminal 
branches generally or in the middle and upper 
canopy of forests [e.g., (1, 2, 16, 17)]. Enhanced 
competition with cercopithecoid monkeys and/or 
increasing seasonality were invoked (2, 10, 18) 
to explain the increase in body size. Such models 
of hominoid-cercopithecoid divergence also 
typically situate cercopithecoids in more open 
habitats [e.g., (3, 18, 19)]. 

Forests figure prominently in these models 
of hominoid divergence. They are generally 
defined as distinct from woodlands in having 
greater structural complexity and taxonomic 
richness, usually including taller trees with 
multistoried, intermingling crowns, with the 
highest level of foliage (the canopy) more 
closed (20, 21). By contrast, woodlands in 
tropical and subtropical Africa tend to have a 
single-story broken canopy, extensive ground 
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are shown in pink and the metamorphic basement in white). (€) Topographic 
cross-sectional profile [depicted in (B)] showing the intersection with the hills of 
Loitakero, Kogole, and Nero overlying the fossil sites (in blue). Locations of “°Ar/2?Ar 
dating samples from lavas capping three topographic highs are shown. 


cover including grasses, and distinctive dry- 
wet seasons. Consequently, forests have greater 
connectivity between adjacent trees, as well as 
more shade and moisture. Ripley (/8) pro- 
posed that terminal branch feeding on fruit 
would have occurred in evergreen forests. 
Temerin and Cant (3) also postulated that hom- 
inoid divergence occurred within a forest en- 
vironment. These primatologists, along with 
paleontologists [e.g., (19)], speculated that the 
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development of nonforested habitats occurred 
in the Middle Miocene (~15 Ma), with ancestral 
cercopithecoids exploiting the woodlands or 
savannas and hominoids remaining in tropical 
forests (19, 22). 

Frugivory was emphasized in most detail by 
Temerin and Cant’s (3) insightful model of 
hominoid origins, which held that versatility 
evolved to increase speed and decrease the 
path length of arboreal travel in forest habitats 
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under conditions of decreased fruit availabil- 
ity. These authors postulated that suspension- 
and forelimb-dominated climbing allowed apes 
to outcompete monkeys (as well as arboreal 
squirrels, bats, and birds) for rare, small, and/or 
dispersed high-quality fruit patches, whereas 
monkeys, which are restricted to longer, above- 
branch pathways and must frequently return 
to the core of a tree, exploited abundant ripe 
and nonripe fruit and leaves. Temerin and Cant 
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(3) proposed that a reduction in fruit availa- 
bility, driven by a cooler and drier climate, was 
the selection pressure leading to the ecological 
divergence of hominoids and cercopithecoids. 
A more recent synthesis by Hunt (4) also in- 
voked competition with cercopithecoids, in 
which small size, bilophodonty, and greater 
tolerance for the chemical defenses of plants 
allowed them to more successfully exploit un- 
ripe or small patches of fruit and leaves in the 
center of tree crowns. Apes, in turn, evolved 
postcranial specializations to feed on fruit in 
the terminal branches (4). 

Although most reconstructions of hominoid 
foraging ecology focus on fruit, Sarmiento (23) 
proposed that the slow movements found in 
larger forms of select mammals, including 
hominoids, lorisines, colobines, the fossil lemur 
Paleopropithecus, and sloths, are correlated 
with folivory, although no causal links to an 
ecological context were proposed. The impor- 
tance of terminal branch resources has been 
strengthened by research documenting that at 
least some fruits are larger, more abundant, 
denser, and most nutritionally valuable in the 
upper canopy (24); and leaves in the upper 
canopy may have higher protein (25), with 
young leaves having relatively higher protein 
than mature leaves (26). The higher quality 
and/or quantity of food in the upper canopies 
is thus a potential driver of versatile positional 
behaviors among hominoids. 

There remains a prevailing and persistent 
perception that early hominoid evolution 
played out in a forested context and that 
frugivory was an important component. This 
relates to a number of long-held observations 
and interpretations, including: (i) all modern 
hominoids (and several fossil taxa) exhibit 
and are defined by arboreal adaptations for 
which behavioral versatility (as we define it) 
is key; (ii) the preferred habitats of modern 
hominoids are forests, so forest dwelling could 
be construed as a synapomorphy of the hom- 
inoid clade; (iii) the preferred diet of modern 
hominoids is largely focused on fruit; and (iv) 
the Early Miocene is viewed as consisting of 
a pan-equatorial African forest [see (27), which 
presents an expansive, regional interpretation 
of the vegetation of the Early Miocene]. The 
terminal branch forest frugivory hypotheses 
represent a formal distillation of these con- 
cepts, and we invoke them as representative 
of broad perceptions that persist today. 


The Moroto II locality 


As described by Bishop and Whyte (28), fossils 
in Moroto District were first found just north 
of Moroto Mountain (Moroto I) in 1959 by 
J. G. Wilson. The site of Moroto II was subse- 
quently discovered in 1962 (28). The sites were 
prospected by Bishop and colleagues between 
1961 and 1965 (28-30), resulting in the William 
Bishop fossil collection. Ongoing research at 
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Moroto II by our team has produced fossil col- 
lections from the years 1994 to 2017. 

Initial K/Ar dates for the capping basaltic 
lavas at the fossil sites in the 1960s yielded 
ages of 12.5 and 14.3 Ma (37), but more re- 
cent *°Ar/**Ar incremental dating techniques 
resulted in an age of 20 to 20.6 Ma (32). Al- 
though this date has been questioned and an 
age of 17.5 Ma advocated on the basis of qua- 
litative biostratigraphic interpretations (33-35), 
the more comprehensive geochronologic strat- 
egy described below unequivocally supports an 
age of 21 Ma for the Moroto fossil localities. 


The hominoids of Moroto II 


Morotopithecus bishopi is one of at least two 
large-bodied primates from the Early Miocene 
fossil site of Moroto II in Uganda (32, 36). Its 
status as one of the oldest fossil hominoids, 
coupled with derived postcranial traits, includ- 
ing a dorsostable lower back, has placed it in a 
unique position among its Miocene contem- 
poraries (37-39), because other Early Miocene 
(e.g., Proconsul and Ekembo) and even Middle 
Miocene (e.g., Equatorius and Kenyapithecus) 
African taxa retain ancestral, monkey-like body 
plans (37-39). Although the distinctiveness 
of M. bishopi from Afropithecus turkanensis 
(40, 41) and the composition of the Morotopithecus 
hypodigm (42, 43) have been questioned, re- 
cent (36) and current analyses support our 
assignments of functionally informative den- 
tal and postcranial specimens recovered at 
Moroto II to Morotopithecus. 

The distinctiveness of the holotype maxilla 
and partial face UMP 62-11 described by Allbrook 
and Bishop (29), as well as the fragmentary 
mandibular remains UMP 62-10 and UMP 66-01 
described by Pilbeam (44), were recently reas- 
sessed by MacLatchy et al. (36) after the dis- 
covery of another partial mandible (UMP MORII 
03'551) and an isolated Proconsul-like tooth 
(UMP MORII 03'559) at Moroto II. Compar- 
isons of taxonomically, developmentally, and 
functionally diagnostic characteristics, includ- 
ing tooth crown morphology and tooth row 
proportions, relative enamel thickness, enamel- 
dentine junction morphology, long-period line 
periodicity, and dental wear patterns, clearly dis- 
criminate among Afropithecus, Morotopithecus, 
and the Proconsul clade and support genus-level 
distinctiveness for all three (36). In addition, it 
was concluded, given the similarity in the tooth 
row proportions between the holotype UMP 
62-11 and the mandible UMP MORII 03'551 
and the complementary morphology between 
mandibles MORI 03'551, UMP 66-01, and UMP 
62-10 (including having a long tooth row and 
vertical planum alveolare), that all of these spe- 
cimens were best assigned to M. bishopi (36). 

The functional assessments of these dental 
specimens provide evidence for specialized leaf 
eating (36) rather than the more generalized 
fruit-based diet reconstructed for primitive 
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catarrhines (45, 46). Both the upper and lower 
molars are mesiodistally elongated, and an 
unworn M, has conspicuous, well-developed 
shearing crests (36), a characteristic long ac- 
cepted as being reflective of folivory (45, 46). 
The presence of features for specialized leaf 
eating in both the upper and lower dentition 
further supports the attribution of all of these 
specimens to Morotopithecus (36). Although 
incipient signals of folivory have been docu- 
mented in some smaller-bodied Early Miocene 
catarrhines (45), this combination of features 
was previously unknown for any great ape- 
sized (>30 kg) catarrhine before the Late Mio- 
cene. A folivorous diet is corroborated by thin 
occlusal enamel (23, 36), which, although not 
necessarily diagnostic for leaf eating, rules out 
the hard-object feeding inferred for other fos- 
sil taxa, including Afropithecus (47). 

Two hominoid postcranial remains from 
Moroto II attributed to M. bishopi represent 
the oldest clear evidence of derived locomotor 
adaptations in hominoids: a lumbar vertebra 
[UMP 67-28; originally described by Walker 
and Rose (48)] indicative of a dorsoventrally 
stable lumbar spine consistent with orthogrady 
(37, 49, 50) and associated partial femora [UMP 
MORII 94’80; first described by Gebo et al. 
(32)] reflective of vertical climbing and slow 
forms of orthograde or pronograde clamber 
(15, 50, 51). These are core derived behaviors 
of the hominoid clade emphasized in the ter- 
minal branch forest frugivory hypotheses. The 
right femur is now complete and new func- 
tional implications are described below. 

The precise location within Moroto II where 
the hominoid vertebra UMP 67-28 and some 
dental remains (UMP 66-01, UMP 62-10, and 
the holotype UMP 62-11) were found ~50 years 
ago is not documented, so there will always 
be ambiguity about their association. However, 
the mandible bearing the lightly worn M, with 
well-developed shearing crests (UMP MORII 
03'551) and the right and left femora (UMP 
MORI 94’80) were found by our team within 
asingle stratigraphic level (Fig. 2A) (36) from a 
restricted spatial distribution (see geologic 
setting below) and are the only hominoid fos- 
sils known from this level. As noted above, we 
believe that the holotype UMP 62-11 and man- 
dible UMP MORII 03'551 belong in the same 
taxon because of their complementary mor- 
phology and specialized features for folivory. 
Likewise, the vertebra UMP 67-28 and the fe- 
mora UMP MORII 94’80 share adaptive char- 
acteristics (see below). The co-occurrence of 
hominoid folivory and ape-like climbing abil- 
ities (regardless of taxonomic attribution) at a 
single, constrained stratigraphic level counters 
the predictions of the terminal branch forest 
frugivory hypotheses and makes reconstruct- 
ing the environment and age of Moroto II highly 
relevant for developing adaptive explanations 
for the early stages of the hominoid lineage. 
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Fig. 2. Moroto II paleoenvironmental proxies in stratigraphic context. 

(A) Composite stratigraphic section at Moroto II depicting generalized sedimentary 
lithofacies, relationship to overlying basalt sequence, magnetostratigraphy, and fossil-rich 
horizons. (B) Percentage of open habitat grasses on the basis of phytolith assemblages, 
with the dark pie chart representing diagnostic assemblage data; the faded pie chart 
assemblage representing low diagnostic counts; and the grass, forest, and palm images 


Results 

Geologic and taphonomic setting 

Fossiliferous sediments exposed at the site of 
Moroto I represent a fluvial system with dep- 
osition in a deeply incised channel eroded 
directly in the underlying Precambrian meta- 
morphic basement complex and are directly 
overlain by a basaltic lava sequence. Deposits 
exposed at Moroto II consist almost exclusive- 
ly of fluvial facies with minor fine-grained la- 
custrine or ponding facies, perhaps within the 
paleochannel(s) or floodplains. Sediments have 
been overprinted by pedogenic processes to 
varying degrees, suggesting that the channel 
and associated floodplains were intermittently 
inactive or meandered laterally. The site is cur- 
rently ~11 km north of Mount Moroto, a vol- 
canic complex that formed along the tectonically 
active west margin of the eastern branch of the 
East African Rift System during the Early 
Miocene, in conjunction with a series of eruptive 
centers extending north to the Turkana Basin 
and south into western Kenya (Fig. 1A). A lack 
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of volcanoclastic debris in the sedimentary se- 
quence indicates deposition on the basement 
complex that was independent of any input 
from the Moroto volcano. These observations 
suggest that although the site was formed ad- 
jacent to a developing eruptive center, the fos- 
sil assemblage more likely sampled ecosystems 
associated with the basement peneplain rather 
than the flanks of a volcano. 

Fossils were recovered from multiple fluvial 
channels in fine- to coarse-grained sediments. 
Occasionally, elements from multiple taxa have 
been recovered together in small pockets with- 
in floodplain or overbank deposits, but most of 
the specimens derive mainly from two concen- 
trations within the succession (Fig. 2A). The 
spatial proximity of the specimens recovered 
at each of these two stratigraphic levels (con- 
fined to an ~10 x 10 m area) indicates that 
fossils are generally associated. Taphonomic 
analysis (52) indicates that fossil assemblages 
likely represent time-averaged streamside ac- 
cumulations in an open environment without 
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representing key taxa associated with nondiagnostic assemblages. (C) Fraction of C4 
biomass on the basis of 8Cay, Organics (8°Coy). Fractions of <O and >1 result from 
Monte Carlo resamples less than and greater than median plant 84°C reference values, 
respectively (52). (D) C3,n-alkane homolog. (E) Fraction of C4 biomass on the basis 

of 8'Ccarbonates (8'°Cpc) components (52). (F) MAP estimates on the basis of the 
random forest (RF)-MAP machine learning model (89) with uncertainty ranges. 


a dominant biogenic accumulating process. 
Weathering patterns reveal that remains were 
often exposed to sunlight or frequent wetting 
and drying, which may suggest a more open 
environment (53). Attritional death assemb- 
lages such as Moroto II may be faithful indi- 
cators of broader ancient living assemblages 
(54, 55), with the exception of small taxa that 
are underrepresented in our collections. 


Chronology 


The basaltic sequence overlying the fossilifer- 
ous sediments represents the initial input of 
volcanic material in the vicinity of the fossil 
localities. This overlying lava flow is in direct 
superposition with a paleosol surface in the 
Moroto II succession, indicating relatively 
rapid emplacement of the lavas within and 
over the active channel system without a pro- 
tracted temporal hiatus (Figs. 1C and 2A). 
There are currently a number of topographic 
highs immediately northwest of the main 
Moroto volcanic edifice capped by erosional 


4 of 12 


RESEARCH | RESEARCH ARTICLE 


remnants of the same sequence of lavas (Fig. 1C). 
Ten basalt samples were dated by “°Ar/?°Ar 
laser incremental heating [Fig. 1C, figs. S1 to 
83, and tables S1 to S3 (52)] from outcrops at 
multiple levels within the lava sequence at 
Moroto II (Kogole Hill and the nearby hills 
of Loitakero, which overlies the Moroto I fos- 
sil site) and Nero (52) (Fig. 1 and figs. S1 to 
83). Ages are consistent within error, yielding 
a mean of 20.950 + 0.046 Ma, corroborating 
previous radiometric ages of 20.6 Ma for the 
Loitakero basalt and ~20 Ma for the Kogole 
basalt (32). 

On the basis of the reversed polarity of all 
samples at Moroto II, coupled with a repre- 
sentative age for the Moroto capping lavas of 
20.950 + 0.046 Ma and the stratigraphic rela- 
tionship of the lava flows to the Moroto II 
sediments, our preferred correlation to the 
Geomagnetic Polarity Time Scale (GPTS) is to 
C6Ar, which occurred from 21.204 to 21.130 Ma 
(+ 0.037 Ma) (56). Given that all samples are 
reversed, if the section sampled the entire chron, 
then the maximum duration of deposition of 
Moroto II was 365 + 36.9 thousand years. On 
the basis of the sedimentological and paleosol 
features of the deposits, the site was likely 
deposited over a much shorter duration (52) 
(figs. S4 and S5 and tables S4 and S5). 

This geochronology is entirely consistent 
with biostratigraphic data from the mamma- 
lian assemblage at Moroto II. There is a long 
sequence of Early Miocene fossil sites in Uganda 
and western Kenya that document faunal 
change in eastern Africa [e.g., (57, 58]. A major 
aspect of this faunal change is the gradual 
transition from the afrotherian-dominated as- 
semblages characteristic of the Paleogene to as- 
semblages that are dominated by laurasiatherian 
immigrants by the onset of the Middle Mio- 
cene. Our detailed comparisons of the iden- 
tifiable mammal fossils (nm = 146) (table S6) 
provide strong support for the radiometric 
date, because some common laurasiatherian 
taxa are completely absent. By 20 Ma, and 
documented at sites such as Songhor and 
Rusinga, eastern African faunas incorporate 
additional laurasiatherian immigrants such as 
suids, tragulids, or perissodactyls and additional 
rodent lineages [e.g., (57, 59-61)]. By contrast, 
at Moroto II, there are no suids or tragulids, 
no perissodactyls, and hyracoids are relatively 
abundant (table S6), suggesting that this as- 
semblage is older than 20 Ma. 

The radiometric age is further supported 
by the proboscideans, which are the best- 
known mammals in the Moroto II assemblage. 
Fozygodon, in particular, has a limited strati- 
graphic range in Africa and is only known from 
sites ~20 to 19 Ma and older (62). In eastern Africa, 
Eozygodon is only found at Moroto II and Meswa 
Bridge [22.5 Ma (63)]. The Moroto II material 
displays more derived dental features (table 
S6), supporting a biostratigraphic framework in 
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which Meswa Bridge is older than Moroto. In 
addition, at younger sites in eastern Africa, such 
as Rusinga, Eozygodon is replaced by the more de- 
rived Zygolophodon, and a second proboscidean 
genus at Moroto II, Progomphotherium, is 
succeeded by Archaeobelodon (62). Therefore, 
these two proboscidean taxa also support an 
age of >20 Ma. Overall, biostratigraphy pro- 
vides strong support that Moroto II is older 
than the well-sampled ~20 Ma site complexes 
of Napak and Tinderet, but younger than the 
~28- to 23 Ma Late Oligocene faunas from east- 
ern Africa (62). 


Hominoid and other catarrhine fossils 
Femur 


New catarrhine fossils from Moroto I include 
additional fragments of the right femur UMP 
MORII 94'80 attributed to Morotopithecus 
(32, 50), which complete the previously partial 
shaft for a total length of 240.7 mm (data S1). 
Very few complete femora from large-bodied 
Miocene hominoids exist. Relative to the mid- 
shaft, femoral head, and bicondylar breadths, 
UMP MORII 94’80 is very short (52) (Fig. 3), 
like the femora of extant great apes and unlike 
those of large cercopithecoids and the large- 
bodied Miocene hominoid Ekembo nyanzae 
(51), which is considered to be a generalized 
pronograde quadruped (38) (Figs. 3 and 4A). 
The cortical bone of UMP MORII 94’80 is 
thick, as in living great apes (50, 57), with a 
ratio of cortical area divided by subperiosteal 
area (CA/PA) of 0.83 at about midshaft (52) 
(fig. S6). This is greater than the CA/PA ratio of 
the Early Miocene ape Ekembo heseloni [0.67 
for KNM-RU 2036 (50)]. Both CA (282 mm?) 
and strength (J) (18117.49 mm‘*) at about mid- 
shaft are high relative to shaft length (fig. S7) 
and resemble proportions found in Pongo (52). 
This heavy reinforcement of cortical bone in 
Pongo has been interpreted to reflect an em- 
phasis on axial loading, and may be associated 
with static postures (64) and slow movement 
with prolonged muscular recruitment (50). The 
finding that the hominoid represented by 
UMP MORII 94’80 had very short but strong 
legs is also consistent with the biomechanical 
expectation for large-bodied vertical climbers, in 
which the ability to remain on vertical supports 
(especially large ones) requires differentiated 
limb use involving (i) sustained muscular con- 
tractions, (ii) leaning away from the substrate 
using relatively long forelimbs, and (iii) having 
relatively short hindlimbs that flex at the hip 
and knee (65) (Fig. 4B). In combination, the 
short legs and large body size of Morotopithecus 
also suggest that its vertical climbing kinematics 
may have been more similar to those of great 
apes than to those of hylobatids. Isler (74) has 
shown that compared with the smaller gib- 
bons (who have longer hindlimbs for their 
body size; Fig. 3), great apes position the body 
closer to the substrate, climb more slowly, and 


14 April 2023 


use shorter strides with a more extended thigh 
and abducted hip. 

As noted previously (50), UMP MORII 94’80 
has a broad bicondylar breadth; a well-developed 
popliteal groove; a wide, shallow patella groove; 
and a medial condyle that is broader than the 
lateral condyle (50). These features are corre- 
lated with ape-like capacities in the knee for 
rotation and hindlimb abduction (50, 66, 67). 
Proximally, the femoral head is somewhat small 
compared with extant hominoids, as reflected 
in the smaller body mass estimates that were 
calculated by Ruff (57) on the basis of femoral 
head breadth (29.5 kg) versus bicondylar breadth 
(37.3 kg) using a combined catarrhine sample. 
However, the relative femoral head surface 
area falls between those of African apes and 
monkeys, implying at least moderate hip mo- 
bility, and is broadly consistent with locomo- 
tion that included vertical climbing and with 
locomotor inferences stemming from the fe- 
moral shaft and distal femur (68). 


Vertebra 


Lumbar vertebra UMP 67-28 from Moroto II 
shares anatomical features with hominoids that 
are absent in cercopithecoid monkeys (37, 48, 49). 
For example, transverse processes arise from 
the base of robust pedicles and are oriented 
dorsally (49), increasing the moment arm of 
the muscles iliocostalis and longissimus dorsi 
to resist ventroflexion (69). Also, the vertebra 
lacks anapophyses (tailed catarrhines have an- 
apophyses as insertions for caudal vertebral 
extensors), has reduced ventral keeling, and 
exhibits a caudally inclined spinous process 
(which is associated with reduced dorsoven- 
tral mobility) (37, 49). New cleaning and pre- 
paration of this vertebra in 2016 revealed the 
presence of salient ligamentous pits medial to 
the postzygapophyses; these had been filled 
with sediment and had not previously been 
obvious (data S2). The pits represent inser- 
tions for the ligamentum flavum, interverte- 
bral ligaments positioned between laminae of 
adjacent vertebrae in mammals. Their primary 
function in the lumbar column is to limit ven- 
troflexion and stabilize lumbar vertebrae on 
one another. The depth of these ligamentous 
pits in UMP 67-28 suggests ligaments of sub- 
stantial strength. With the features mentioned 
above, these ligaments can be interpreted to 
help maintain orthogrady and lumbar stabil- 
ity, as opposed to increasing spinal mobility. 
These features differ from those found in the 
lumbar vertebrae of EXembo, which were in- 
terpreted as being associated with monkey-like 
flexion and extension of the spine during quad- 
rupedal locomotion (37). 


Dental specimens 


In addition to Morotopithecus, at least three 
smaller, non-cercopithecoid catarrhine taxa are 
represented in the 1994-2017 fossils collected 
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by our team (table S6): a proconsulid (UMP 
MORII 03'559), aff. Rangwapithecus (UMP 
MOR II 11/1938; figs. S8 and S9 and table $7), 
and a small-bodied non-cercopithecoid catar- 
rhine (UMP MORII 02’352) that is represented 
only by a lower canine that does not fit in the 
hypodigm of any known small catarrhine genus 
(fig. S10). 

The lower third molar (UMP MOR II 111938) 
attributable to aff. Rangwapithecus is the 
first record of the genus outside of Kenya, 
and the oldest. We describe it in brief because 
Rangwapithecus has very well developed shear- 
ing crests compared with other Early Miocene 
catarrhines (45) and microwear denotive of 
folivory (46), indicating that another, smaller 
catarrhine with this dietary specialization was 
present at Moroto I. The specimen compares 
favorably to R. gordoni from Songhor and 
shares with it several traits, including a large 
and elongate crown, peripherally positioned 
conical cusps linked by rounded crests, and 
delicate secondary enamel crenulations (42, 70). 
However, there are some features suggesting 
that it is more primitive and/or unique, in- 
cluding a narrower mesial buccal notch and 
less discrete buccal cusp outlines. Traits such 
as the well-developed mesostylid and lack of a 
crest between the hypoconulid and entoconid 
are reminiscent of traits found in the older 
nyanzapithecine from the Late Oligocene, 
Rukwapithecus (71). On balance, we find the spe- 
cimen to have strong affinities to Rangwapithecus, 
with the differences likely reflecting the an- 
cestral nyanzapithecine condition, which is com- 
patible with its greater antiquity. 


Stable isotopes of enamel 


Dietary carbon isotopic signatures of molars 
from Morotopithecus, aff. Rangwapithecus, and 
the proconsulid reveal that all three taxa had 
3C-enriched diets relative to modern hom- 
inoids (Fig. 5B and table S8), indicating diet- 
ary niches and habitat preferences distinct 
from those of living apes (52). Specifically, 
the carbon isotopic signals of the enamel 
(8?Cename) of the Moroto hominoids are con- 
sistent with water-stressed C3 dietary vege- 
tation, encroaching on the isotopic range of 
modern catarrhines that forage in more open 
habitats, such as Papio or some of the earliest 
hominins (Fig. 5B). Although the 8'°O.namel 
value of Morotopithecus is within the isotopic 
range of associated large-bodied terrestrial fossil 
herbivores at Moroto II (e.g., proboscideans 
and anthracotheres), it is *O enriched relative 
to the other catarrhines (figs. SIIB and S12 and 
table S8). As a taxon with derived orthograde 
and climbing capabilities, this suggests that 
Morotopithecus may have (despite its large 
size) more easily foraged in peripheral or 
higher parts of the canopy, where evapotrans- 
piration and irradiance were higher and 
vegetation was more water stressed (72). 
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Fig. 4. Catarrhine femora. (A) Catarrhine femora, anterior view. The Pliocene 
cercopithecoid Paracolobus [mass ~36 kg based on regressions in (51) 


Papio [male mass ~25 kg (103)] have proportionately 
extant hominoids. Ekembo (~36 kg) and 


[mass ~36 kg (103)], but smaller than female Pan [m 


Paleoecology 

Paleoecological reconstructions of fossil catar- 
rhine and hominoid sites in eastern Africa have 
suggested a primitive phyloecological context 
for hominoid origins characterized by a com- 
plex canopy structure(s) associated with for- 
ested habitats [e.g., (73-76)]. However, evidence 
and interpretations from fossil sites in eastern 
Africa have also yielded empirical data impli- 
cating more heterogeneous habitats that in- 
clude woodland and even wooded grassland 
components [e.g., (27, 77, 78)]. Overall, the 
fossil record leading up to the Early Miocene 
in eastern Africa has revealed variable ecosys- 
tems, although the general distribution and 
relevance of any particular habitat(s) for hom- 
inoid evolution remains unknown. Given this 
difficulty, it is important to situate the evo- 
lution of hominoids and their vertebrate com- 
munities specifically within local and regional 
paleoecological frameworks. 

To assess the paleoecological context of the 
Moroto II fossil assemblage, several independ- 
ent approaches were used, including (i) isoto- 
pic dietary ecology of fossil herbivore guilds; 
(ii) biogeochemical analyses of paleosol bulk 
organics, n-alkanes, and pedogenic carbonate; 


Ekembo Morotopithecus 
nyanzae 
KNM 


Morotopithecus (~35 kg) have similar 
femoral midshaft and joint dimensions and inferred body sizes (51), but the 
Morotopithecus femur is shorter. Turkanapithecus [~10 kg based on regressions 
in (51)] is Early Miocene in age and is the size of extant Symphalangus 
[~12 kg (51)]. The larger fossil taxa are about the same size as female Pongo 


(iii) elemental characterization of paleosols to 
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Pongo Pan 
pygmaeus 


female 


bishopi 
UMP 
MORII 94’80 


female 
142 


and 
longer shafts than 


ass ~46 kg (103)]. climbing a liana. 


estimate mean annual precipitation (MAP); and 
(iv) analyses of phytolith assemblages. These 
approaches provide a composite perspective on 
the physiognomy and physiology of the vege- 
tation but also reflect climatic factors such as 
seasonality and precipitation. Cumulatively, 
these data have relevance for constraining as- 
pects of the canopy architecture and resource 
distribution that are critical for determining 
the adaptive significance of early hominoid lo- 
comotor and foraging behaviors. 


Stable carbon isotopes of fossil enamel 


Isotopic paleodietary ecology has figured pro- 
minently in discussions of the evolution of 
eastern African terrestrial communities, par- 
ticularly in using 8C proxies to establish the 
relative significance of C, grasses in past eco- 
systems [e.g., (79, 80)]. However, 8’?Cenamel 
datasets are comparatively rare from sites 
older than ~9 Ma. This is in part because Early 
and Middle Miocene sites were presumed 
to predate significant C, biomass in eastern 
Africa. Thus, enamel samples were not ana- 
lyzed because the paleoecological reconstruc- 
tive potential of isotopes based only on C3 plant 
variation is limited. This study provides one of 
the first applications of this technique to the 
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troglodytes syndactylus 
female 


Symphalangus Turkanpithecus 


kalakolensis 


KNM 
WK 16950 


Pan, Pongo, and Morotopithecus have shorter femora for their size than do 
cercopithecoids and Ekembo. The top red arrow adjacent to the Morotopithecus 
femur denotes where cortical bone was exposed 
this fragment was hypothesized to be midshaft. The bottom arrow indicates 
the break exposing the cortical bone analyzed in this study, with its cross 
section pictured above. (B) Short femora and hindlimbs are biomechanically 
advantageous for vertical climbing. Shown are Jackson (adult male, top) and 
Sarah (adult female), chimpanzees from Kibale 


and analyzed (50) when 


Forest in Uganda, vertically 


Early Miocene of eastern Africa, thereby filling 
a crucial data gap. 

The application of enamel isotopic analyses 
for differentiating dietary guilds within C3- 
dominated biomes or among C3 browsers and 
grazers currently remains coarse. Although 
there is no strict relationship between canopy 
cover or architecture and 8'’Cename1 Values, 
general trends related to water stress, irra- 
diance, and canopy density have been estab- 
lished [e.g., (87, 82)], providing guidelines for 
reconstructing general aspects of past land- 
scapes and habitats. A framework generated 
for interpreting the isotopic signatures of fos- 
sil enamel at Moroto II [Fig. 5 (52)] is based on 
analysis of a compilation of "°C values of mod- 
ern and fossil vegetation and herbivore enamel 
in both C3-dominated habitats and mixed C;/ 
C, ecosystems. 

5 Cename Values of fossil enamel from 25 
fossil herbivores at Moroto II, representing nine 
genera from seven families, range from -6.8%o 
to -15.3%o, with ~85% of the values falling be- 
tween -12%o and -8%o (Fig. 5B and table S8). 
This dietary range is most consistent with for- 
aging in mesic to arid woodland ecosystems, 
as depicted in Fig. 5, with limited evidence of 
closed canopy forest or open woodland and 
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Fig. 5. Dietary 5'°C..,,ame: Values from modern and fossil ecosystems and taxa. 
(A) An isotopic ecological framework (52) relating foraging strategy to habitat 
type applied to 5'°Cename Cietary signatures from a range of herbivores collected from 
three modern ecosystems in equatorial Africa (79, 104, 105). Isotopic dietary ranges 
of fossil herbivores analyzed from Fort Ternan (106) and the Moroto sites | and II 
(this study) are shown. Extant taxa are shown in blue and fossil taxa in red. 


savanna microhabitats. The more positive diet- 
ary values (~>-9%o) indicate feeding on °C- 
enriched Cz vegetation (typically associated 
with water-stressed modern habitats) and pos- 
sibly including minor C4 (or CAM) dietary 
components (i.e., largely arid-adapted grasses 
and/or succulents in the tropics). The Moroto 
II isotopic fossil dietary range differs from 
modern herbivores feeding in tropical forest 
and woodland and grassland ecosystems in 
equatorial Africa (Fig. 5A), with no clear mod- 
ern analogs yet established isotopically. Iso- 
topic variation of fossil herbivores at Moroto II 
is also distinguished from the more closed, 
forested profile established for the Middle Mio- 
cene fossil site of Fort Ternan (Fig. 5A). 


Paleosol carbon isotopes 


Multiple environmental indicators were also 
assessed on the basis of analyses of paleosols 
throughout the sequence (52), including the 
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-30 -20 


interval associated with the Morotopithecus 
mandible and femora (Fig. 2A). These indica- 
tors are biogeochemical proxies, primarily re- 
flecting local relative proportions of C3 and C4 
vegetation. The carbon isotope values of bulk 
organic matter (8"°Coyy; 7 = 16) from Moroto 
II range from -29.9%o to -20.1%o [relative to 
the Vienna PeeDee Belemnite (VPDB)] (Fig. 
2C), and pedogenic carbonate values (8”’Cpc; 
n = 6) range from -7.7%o to -2.5%o (VPDB) 
(Fig. 2E). Although some paleosol samples at 
Moroto II are consistent with entirely C3 veg- 
etation, paleosols stratigraphically adjacent 
to the Morotopithecus fossil-bearing interval 
had the largest proportion of reconstructed 
C, vegetation, with up to 59% Cy, [95% con- 
fidence interval (CI) = 29 to 83%; 8'°Cpc = 
-2.5%o] based on micritic pedogenic carbo- 
nates and up to 45% (95% CI = 13 to 64%; 
5°Com = -20.1%0) based on paleosol organic 
matter (Fig. 2C and tables S9 and S10). Overall, 
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6°2C a 


enamel-1750 


(B) Comparative isotopic dietary signals of fossil hominins (107, 108), three Moroto 
hominoids (this study), and extant catarrhines used to constrain foraging habitats. 
Modern catarrhine values include gorillas [(109); this study, n = 21], chimpanzees 
[(110) and references therein; this study, n = 3)], orangutans (this study, n = 13), gibbons 
(this study, n = 27), and baboons (109). * Data from this study; */, data from this 
study and previous research; all other data are from previous studies. 


the &’Cpc and 8’Co datasets suggest that C, 
vegetation was interspersed with either water- 
stressed Cz plants or C, grasses throughout the 
stratigraphic succession. 


Paleosol n-alkanes 


n-Alkanes are plant leaf wax-derived biomark- 
ers found in paleosols that can be used to re- 
construct vegetation. Biomarker concentrations 
and molecular distributions indicate excellent 
preservation of n-alkanes in the Moroto II 
paleosols and support the interpretation that 
isotope data reflect the Early Miocene plant 
community (table S11). The carbon isotope 
values of C3;7-alkanes range from -31.4%o to 
-22.7%o (Fig. 2D), which represent a range of 
Cs- to C4-dominated ecosystems, respectively. 
Carbon isotope values from other plant-derived 
n-alkanes are presented in table S12. The &°C 
values of the C3;n-alkanes for three samples 
range from -24.1%o to -20.7%o, which indicate 
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high abundances of C, vegetation on the land- 
scape. The C35 homolog has been shown to be 
a highly sensitive indicator of C, vegetation in 
other Miocene samples from Africa (83, 84) 
and from the Siwalik sequence in Pakistan 
and India (85). Several studies have shown 
that C, grasses, especially from Africa, pro- 
duce much higher abundances of long-chain 
n-alkanes (i.e., C33 and C35) than do Cz plants 
(86, 87). Samples with 5”°C values associated 
with C, vegetation from Moroto II also have 
relatively high concentrations of C33 and C35 
homologs and together provide compelling iso- 
topic and molecular evidence for C, grasses at 
Moroto II. 

Seven samples from Moroto II have paired 
carbon isotope data for both bulk organic mat- 
ter and n-alkanes. The 5”°C values of bulk or- 
ganic matter for these samples are strongly 
and significantly correlated with the °C values 
of C3; alkanes (7 = 0.98, P << 0.001) and C3; 
alkanes (7 = 0.94, P = 0.002), corroborating the 
reliability of the bulk organic carbon isotope 
results. Only two sampling levels at Moroto II 
included analyses of both pedogenic carbon- 
ate and n-alkanes, because the sample sizes 
from other levels were too small for meaning- 
ful comparisons. 


Paleosols and hydroclimate 


Paleosols at Moroto II typically formed on the 
finer-grained fluvial deposits and include gleyed 
Vertisols, calcic and noncalcic Inceptisols, and 
Alfisols (figs. S12 and S13). Qualitatively, these 
features are consistent with a seasonally vary- 
ing hydroclimate that requires water deficit 
and surplus for Vertisol development and sea- 
sonal dewatering for pedogenic carbonate for- 
mation with a potential maximum MAP of 
~1000 mm given the rarity of modern calcic 
soils above this threshold (88). Paleo-MAP was 
estimated using three proxies that use the bulk 
elemental composition of the uppermost sub- 
soil (B) horizon as input data (52, 89). The 
samples from the Moroto II sequence (Fig. 2F, 
figs. S13 and S14, and tables S13 to S15) yielded 
MAP values of 626 to 1313 mm/year, indicative 
of a subhumid paleoclimate within the range 
of modern woodlands in Africa (90, 91). Fur- 
ther, none of the results from Moroto II sup- 
ports MAP values in excess of 1500 to 2000 mm 
regardless of wet season length or fire regime, 
conditions that currently characterize closed 
canopy forests in equatorial Africa [e.g., (9D]. 


Phytoliths 


Phytoliths are microscopic silica bodies pre- 
cipitated in living plant cells and cell walls that 
remain in soils or sediments when plants die 
and decay. Preserved phytolith assemblages 
allow reconstruction of vegetation structure 
and type on a relatively local scale, especially 
in tropical and subtropical ecosystems (92-94). 
The six variably preserved phytolith assemb- 
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lages from Moroto IJ confirm inferences from 
isotopic data of habitat heterogeneity, either 
spatially or temporally (52) (Fig. 2B and tables 
S16 to S18). The best-preserved assemblage, sam- 
pled from the Morotopithecus interval, is domi- 
nated by grass phytoliths (63.1% of diagnostic 
morphotypes) that are mainly from PACMAD 
grasses (Cz or Cy, taxa in the Panicoideae, 
Arundinoideae, Chloridoideae, Micrairoideae, 
Aristidoideae, or Danthonioideae subfami- 
lies), and includes phytoliths of the arid- 
adapted, C, Chloridoideae PACMAD subfamily. 
This assemblage also contains forest-indicator 
phytoliths, including rare evidence of palms, in- 
dicating spatial heterogeneity in the vegetation. 
Compositionally, this assemblage has affinities 
with modern phytolith assemblages from wooded 
grasslands, but it is also consistent with open 
forests containing a substantial grass under- 
story (e.g., riparian forest in a savanna land- 
scape, dry forest, or forest openings) (27). 


Discussion 
Context of the hominoid remains from Moroto 


Moroto II records not only the earliest evi- 
dence of clearly derived hominoid postcrania 
and the first record of folivory for a large- 
bodied hominoid, but also the oldest known 
African ecosystem with C, grasses. Compilation 
of lithostratigraphic, pedogenic, biogeochem- 
ical, phytolith assemblage, and taphonomic 
data from Moroto II indicate a seasonal, mixed 
C;/C, environment with broken canopy forest 
or woodland habitats. Evidence of water- 
stressed Cz woodland-based diets for the 
catarrhines and associated fauna, as well as 
pedogenic proxies documenting a major C4 
component, are congruent with habitats char- 
acterized by a fragmentary canopy cover. These 
reconstructions provide empirical evidence sup- 
porting the concept that Early Miocene apes 
may have been broadly associated with heter- 
ogeneous, woodland habitats (27, 77). 

These data call into question previous as- 
sumptions regarding hominoid dietary and 
locomotor coevolution because, in combina- 
tion, they fail to support prevailing terminal 
branch forest frugivory hypotheses that ortho- 
grade locomotor versatility evolved to facilitate 
feeding on fruit in a tropical forest. Instead, 
the earliest known appearance of enhanced 
orthogrady and shortened hindlimbs occurred 
in a seasonal woodland and wooded grass- 
land context, where soft, ripe fruit would be 
periodically limited. Indeed, the morphology 
of dental remains reveals that leaves were an 
important component of the diet of at least 
two Moroto hominoids, Morotopithecus (36) 
and the nyanzapithecine aff. Rangwapithecus. 

Positional behavioral versatility and its an- 
atomical correlates may have evolved multiple 
times in large-bodied catarrhines. There is no 
evidence to indicate, for example, that Moroto- 
pithecus is closely related to the Eurasian taxa 
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Pierolapithecus (~12 Ma) or Hispanopithecus 
(~10 Ma), the next-oldest hominoids inferred 
to have had dorsostable lumbar spines (95, 96). 
These hominoids have been associated with 
forested environments (97, 98), but because 
they are so much younger, their adaptive and 
phylogenetic significance reflects more the 
evolution of crown hominoids (i.e., that are 
closely related to the living hominoids) (99) 
than hominoid origins in Africa. 

In the absence of additional fossils such as 
hand bones, it is not possible to judge whether 
suspension (10, 77), quaadrumanous climbing 
(12), and vertical climbing (73, 14) were more 
or less associated with hominoid adaptive 
origins (39). However, the record from Moroto 
II supports the hypothesis that orthogrady 
is key to hominoid distinctiveness (6, 15) be- 
cause it is among the first identifiable steps in 
the evolution of anatomical features associ- 
ated with the modern-type hominoid adapt- 
ive niche. 

Furthermore, in this first recorded instance, 
locomotor and postural innovation seem to 
have evolved in hominoids for effective arbo- 
real feeding on leaves and fruit situated in 
higher and/or peripheral aspects of tree crowns 
in seasonal woodland habitats characterized by 
gaps in the canopy. Such environments may 
exert hitherto unrecognized selective pressures 
on the evolution of arboreal apes, such as the 
need, in times of seasonal low fruit availability, 
to access young leaves with relatively high 
protein (26) in the terminal or higher aspects 
of the canopy. Although some breaks in the 
canopy could be bridged through enhanced 
climbing adaptations, larger gaps would have 
necessitated repeated descent and ascent of 
tree trunks and/or lianas, which is consistent 
with the locomotor behavior indicated by the 
femoral and vertebral morphology of the hom- 
inoid fossils of Moroto II. 


Hominoid adaptive evolution in eastern Africa 


Documenting the early stages of hominoid 
evolution as the lineage diverged from other 
catarrhines is critical for interpreting the 
adaptive significance of traits that ultimately 
define modern hominoids, including humans. 
Although high catarrhine taxonomic and phyl- 
ogenetic diversity in the Early Miocene have 
been recognized for some time (42), a schema 
is now emerging of high adaptive diversity 
among these primates (J00), as well as high 
environmental variability (27, 73, 78), a per- 
spective reinforced by reconstructions of hom- 
inoid behavior and ecology at Moroto II. These 
findings suggest that early hominoid morphol- 
ogies and environments do not match classic 
ideas about the origins of the group, revealing 
a complexity yet to be studied and understood. 
The traditional paradigm for interpreting the 
origin of the hominoid lineage has involved 
forested habitats, but the data described herein 
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Fig. 6. Environments and catarrhine adaptive evolution. (A) Global climatic 
trends and events (111-115). Benthic foraminifera 8!°0 are shown in blue 

(115). (B) Regional climatic trends (seasonality and variability) [e.g., (116, 117)]. 
(C) Regional tectonic events and trends in eastern Africa (118, 119). (D) Regional 
n-alkane record of terrestrial vegetation (83, 120) and eastern Africa fossil 
dietary record (this study) (121, 122). The gray area depicts reported herbivore 
dietary isotopic signals that include a range of C3 and Cy dietary components 
and an apparent increase in Cy dietary biomass after ~10 Ma ago (84, 100, 120). 
(E) African catarrhines grouped using biogeography, chronology, and adaptive 
inferences, not strict phylogeny. The group “stem hominoids” is well supported 


reveal that in the Early Miocene, hominoid 


(99), but including Kamoyapithecus, although plausible (123), is not typical 
[e.g., (71)] and is informed by size and inferred adaptive similarity (8). 
Nyanzapithecinae (e.g., Rangwapithecus and Rukwapithecus) are folivorous and 
considered a monophyletic group (124). “Noncercopithecoid catarrhines” are 
poorly known and [with possible exceptions (125)] unlikely to be hominoids 
(42). Late Miocene hominoids, related by biogeography and age, remain 
enigmatic (42, 126-129). Pan and Gorilla share adaptive similarity (130), but 
Pan is more related to hominins. Hominin adaptations, including canine reduction 
(131) and bipedality (108, 132), are often linked to habitat heterogeneity. 

(F) Chronologically informed adaptive patterns. 


adaptive diversity may have been influenced | 1. 


by environmental heterogeneity (Fig. 6), as has 
already been documented in the Late Miocene/ 
Pliocene and invoked in scenarios of hominin 
origins (101, 102). This requires more careful 
consideration of the nature of habitat het- 
erogeneity in the past and a reevaluation of 
how it may be linked to features (e.g., bipe- 
dality and dental and foraging specializa- 
tions) associated with early hominin expansion 
into more open microhabitats within diverse 
ecosystems. 


Materials and methods summary 


Material and methods for all techniques are 
available in the supplementary materials. This 
includes radiometric, paleomagnetic, and bio- 
stratigraphic dating methods; morphological, 
taphonomic, and faunal analyses; paleosol bio- 
geochemical approaches (carbon isotopic anal- 
ysis from both bulk organic and carbonate 
samples, 7-alkane analysis, and paleosol-based 
hydroclimate analysis); and paleoecological an- 
alyses including isotopic dietary paleoecology 
and phytolith analyses. 
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Oldest evidence of abundant C, grasses and habitat 
heterogeneity in eastern Africa 


Daniel J. Peppe';, Susanne M. Cote*{, Alan L. Deino®, David L. Fox*+, John D. Kingston®+, 

Rahab N. Kinyanjui®”, William E. Lukens®+, Laura M. MacLatchy®”°+, Alice Novello™!2+, 

Caroline A. E. Strémberg’*}, Steven G. Driese’, Nicole D. Garrett'?, Kayla R. Hillis", 

Bonnie F. Jacobs?°, Kirsten E. H. Jenkins’®, Robert M. Kityo””, Thomas Lehmann’®, Fredrick K. Manthi®, 
Emma N. Mbua®, Lauren A. Michel", Ellen R. Miller®, Amon A. T. Mugume?”°, Samuel N. Mutetio?’, 
Isaiah 0. Nengo”"”2, Kennedy 0. Oginga’], Samuel R. Phelps*°#, Pratigya Polissar”*, 
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The assembly of Africa’s iconic C4, grassland ecosystems is central to evolutionary interpretations of 
many mammal lineages, including hominins. C4 grasses are thought to have become ecologically 
dominant in Africa only after 10 million years ago (Ma). However, paleobotanical records older than 

10 Ma are sparse, limiting assessment of the timing and nature of C, biomass expansion. This study uses 
a multiproxy design to document vegetation structure from nine Early Miocene mammal site complexes 
across eastern Africa. Results demonstrate that between ~21 and 16 Ma, C, grasses were locally 
abundant, contributing to heterogeneous habitats ranging from forests to wooded grasslands. These data 
push back the oldest evidence of C, grass—dominated habitats in Africa—and globally—by more than 

10 million years, calling for revised paleoecological interpretations of mammalian evolution. 


rasses using the C4 photosynthetic path- 
way are ubiquitous across Earth’s low 
to mid-latitudes, dominating modern 
tropical lowland grassland and savan- 
nah ecosystems. C, grassy biomes play 
an important role in regulating global cli- 
mate and have been linked to key adaptations 
and diversification in mammalian faunas (J-3). 
The C, photosynthetic pathway is physiologi- 
cally advantageous under conditions of aridity, 
higher temperatures and irradiance, seasonal 
climates, and low atmospheric partial pres- 
sure of carbon dioxide (pCOg,) (J). Phyloge- 
netic analyses show that, beginning in the 
Paleocene, C4 photosynthesis evolved inde- 
pendently at least 21 times from C; ancestors 
within the generally warm-adapted and shade- 
tolerant PACMAD (Panicoideae, Arundinoideae, 
Chloridoideae, Micrairoideae, Aristidoideae, 
Danthonioideae) grass clade (2). However, such 
ancient origins are not corroborated by the 
geologic record. Likewise, abundant C, bio- 
mass, for which we use a working definition 
of 330% C,, biomass, is not documented before 
~10 million years ago (Ma), except in isolated 
cases (4-6). Instead, major ecological shifts 
from C3 vegetation to C, grasslands are well 
documented regionally and globally between 
10 and 1 Ma (2, 3, 7, 8). This apparent contra- 
diction between phylogenetic estimates and 
geological evidence of C4 emergence times has 
confounded attempts to explain the origins and 
global spread of C, grasslands (2, 3, 9). 
Within eastern Africa, the expansion of Cy 
grasslands has been intensely studied because 
of their relevance for interpreting the evolu- 
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tion of numerous mammalian lineages, in- 
cluding the hominin clade. Carbon isotope 
data from multiple substrates suggest that 
ecologically important C, biomass appeared 
in the region only after 10 Ma (8, 10-13). How- 
ever, older vegetation records are sparse (J4, 15). 
This paucity of data from the Paleogene and 
early Neogene has led to inferences that equa- 
torial Africa was largely forested, with C, grasses 
and open habitats making up only minor ele- 
ments of the landscape until the Late Miocene 
(4, 7, 1). 

Here, we present a multiproxy study of Early 
Miocene fossil mammal site complexes in Kenya 
and Uganda (Fig. 1) that combines carbon iso- 
tope analyses of bulk soil organic matter, plant 
wax biomarkers, and pedogenic carbonates with 
inferences from phytolith (microscopic plant 
silica body) assemblages, forming a comprehen- 
sive approach to paleoecological reconstruction 
(16). Specifically, we assess the role of grasses, 
especially Cy grasses, in early Neogene habitats 
of eastern Africa. 


Early Miocene habitat heterogeneity, open 
habitats, and locally abundant C, vegetation 


Results from carbon isotope analyses of ancient 
soil organic matter at these sites demonstrate 
a surprisingly high degree of habitat heteroge- 
neity, with most datasets yielding &C values 
that reflect vegetation types ranging from closed 
canopy to wooded grassland, and no clear 
trends toward increasing or decreasing open- 
ness through time in the Early Miocene or 
spatially across eastern Africa (Fig. 2A and 
data S1) (16). Every site yielded some paleosol 


4 


samples with 5”C values indicating that st| Chec 
3 5 P upd 
ing biomass was a mixture of C3 plants .—— 
water-stressed C3 and/or Cy biomass (Fig. 2A) 
(16, 17). Soil organic matter 5”C values at 
Moroto, Tinderet, Bukwa, Rusinga, and Karungu 
reflect more open values that extend into 
the range of modern woodlands, bushlands, 
and shrublands, with Moroto, Bukwa, and 
Rusinga indicating a proportion of C,, biomass 
equivalent to those characterizing extant 
wooded grasslands (Fig. 2A). Taken together, 
we interpret these results to reflect regionally 
abundant C, grasses that were heterogeneous- 
ly present on the landscape. 

Interpreting ancient soil organic matter 5°C 
values is complicated by potential preferen- 
tial degradation of isotopically light, labile 
components and by higher rates of decom- 
position of C4-derived carbon observed in mixed 
Cs-C, systems (6, 18). Furthermore, although 
the carbon in soil organic matter predominantly 
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comes from bulk plant material, it can also come 
from soil microbiota, mycorrhizae, or fungi. 
However, long-chain n-alkanes are a single, 
plant-derived molecule, and our 8'°C values 
from leaf wax n-alkanes extracted from the 
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same samples as soil organic matter yielded 
parallel results: substantial variation within 
stratigraphic sections and abundant C, bio- 
mass at Moroto and Rusinga (Fig. 2B, figs. S1 
and S2, and data $2 and S3) (16). The Cs; n- 


Early Miocene Sites in 
Uganda and Kenya 


Rusinga/ 
Mfangano 


Tinderet 


| Be. se eee oe] 


Age (Millions of years) 


Map Legend 
International Boundaries 
Major East African Rift faults 


Early Miocene volcanic complex with 
remaining significant topographic relief. 
All of these volcanic edifices have 
multiple fossiliferous sites, in some 
cases locally grouped (e.g.Rusinga 
and Mfangano at Kisingiri). 


Fossiliferous sites associated with 
interbedded lavas and volcanoclastics 
with unknown or eroded volcanic 
source(s). 


Fig. 1. Early Miocene fossil site complexes in eastern Africa. (A) Map of sites. Areas in red represent 
current exposures of primarily volcanic and associated sedimentary rock. (B) Chronology of fossil sites 
sampled. Further site information is provided in the supplementary materials (16). 
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alkane includes input from both woody and 
grassy vegetation, so moderate 5”°C values for 
this homolog cannot unequivocally distin- 
guish low concentrations of C, biomass from 
water-stressed C3 biomass (8, 16). However, 
the C3, n-alkane is preferentially produced by 
C, grasses (19), therefore samples at Moroto 
with high 8’°C values in both C3; and Cs n- 
alkanes unambiguously indicate considerable 
C, biomass (Fig. 2B and fig. S1) (20). In ad- 
dition, the high relative abundance of long- 
chain n-alkanes (C33 and C35) from Moroto is 
similar to patterns found in modern C, grass- 
lands (19) and in sediments from C,-dominated 
environments (fig. S1) (27). Interestingly, n- 
alkane 5"°C values from marine cores off of 
western and eastern African coasts do not 
provide evidence of regionally abundant Early 
Miocene C, vegetation (8, 10, 11). This ap- 
parent discrepancy likely reflects differences 
in scale and resolution between paleosols 
sampled in this study, which represent local 
vegetation, and sediments deposited at deep- 
sea marine core sites, which integrate plant 
wax carbon isotope records over thousands of 
square kilometers. 

Pedogenic carbonate isotopic values con- 
firm variation within and among sites. Pedo- 
genic carbonate was not found at all sites, nor 
uniformly throughout sections where it was 
present (16), demonstrating spatial and temporal 
variation in climate (i.e., mesic conditions) and/ 
or pedogenic processes (e.g., acidic pH) that in- 
hibited carbonate precipitation. Carbonate 5”°C 
distributions are shifted even more toward open 
habitats relative to organic matter (Fig. 2C 
and data S4) (16), with a few 5°C values in- 
dicating C,-dominated vegetation for some 
paleosols at multiple sites (Moroto, Napak, 
Karungu, and Buluk). Bulk soil organic matter 
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indicate the median of the group. Dashed lines represent mean C3 and C4 endmember 8'°C values for soil organic matter and pedogenic carbonates (34) and 


n-alkanes (11) based on data from modern soils; shaded regions with colored boundaries represent UNESCO biome classifications after (35). Biome boundaries for 
n-alkanes have not been sufficiently characterized and thus are not shown. Endmembers and biome boundaries have been corrected for Miocene atmospheric 

CO, &3C value after (36). Detailed methodology and data are provided in (16) and tables S1 and S2 and data S1, $2, and S4. VPDB, Vienna Pee Dee belemnite; FOR, 
forest; W/B/S, woodland/bushland/shrubland; WG, woody grassland; GR, grassland. 
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and carbonate 5'°C values from the same strat- 
igraphic levels are not significantly correlated 
(fig. S3B), and the mean offset between them 
[A’Cco3.0m = 20.0 per mil (%o)] is greater 
than theoretical expectations (~14 to 17%o) 
(22), possibly indicating that pedogenic carbo- 
nates or organic matter (or both) do not pre- 
serve original environmental signatures. This 
interpretation is unlikely for several reasons. 
First, samples with matched soil organic matter 
and n-alkane 5°C values show strong, signifi- 
cant correlations (Fig. 2, A and B, and fig. S3), 
supporting the fidelity of the isotopic signals 
from our larger bulk organic dataset. Second, 
our field sampling strategy involved collection 
of pedogenic carbonates well within the sub- 
soil, typically at least 0.5 m in depth, on the 
basis of the description of paleosol horizona- 
tion and macroscopic pedogenic morpholo- 
gies (16) (data S4). Third, the carbonates used 
for paleovegetation reconstruction were pre- 


pared by drilling micritic crystal textures on 
cut and polished rock samples after petro- 
graphic analysis, including cathodolumines- 
cence petrography, whenever possible (16). We 
also purposefully sampled sparry carbonate 
in addition to pedogenic micrite to assess for 
diagenetic contamination (fig. $4). However, 
we found no correspondence between crystal 
texture and either 5’C or 8130 values (fig. S5) 
(16), from which we infer that diagenesis cannot 
account for &™C values above a C; endmember 
threshold. Fourth, paleosol morphologies and 
reconstructed hydroclimate from independent 
proxies at multiple sites (6, 20, 23) are consistent 
with high soil respiration rates, minimizing 
the possibility that infiltration of atmospheric 
CO, into soil profiles drove the elevated car- 
bonate 5’°C values that we measured. 

We propose instead that both pedogenic 
carbonates and soil organic matter preserve 
environmental signals that capture different 
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components of floral compositions at different 
time resolutions. Many paleosols that we sam- 
pled were deposited and formed in dynamic, 
aggradational landscapes associated with rift- 
ing and volcanism (20, 23), which would have 
caused short-term local changes in the compo- 
sition of vegetation as the plant community 
responded to frequent disturbances. Owing to 
faster humus turnover times relative to the pace 
of carbonate accumulation (24), soil organic 
matter would retain the last phase of vegetation 
for any one profile, yet carbonates would cap- 
ture a longer-term, but seasonally biased, signal 
of respired COs, reflecting vegetation that was 
most productive during warm and dry sea- 
sons (i.e., Cy, plants). Consequently, carbonates 
would be more sensitive to recording C,, plant 
presence compared with bulk organic matter 
from the same paleosols, especially if net pri- 
mary productivity were higher in wetter sea- 
sons with more C3 biomass. 
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Fig. 3. Comparison of phytolith assemblages from fossil sites and modern 
vegetation types in eastern and central Africa. (A) Maximum potential Cy (ie., 
PACMAD) grass phytoliths of diagnostic counts from modern vegetation types 
(top; showing median and quartiles for types with more than four data points) and 
fossil sites (bottom; showing bootstrapped 95% confidence intervals around 
estimates). Light-gray fossil ranges represent assemblages with low diagnostic 
counts. (B) Pie charts representing diagnostic assemblage data (excluding 
nondiagnostic grass phytoliths). Sites are arranged stratigraphically, and ages for 
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sites are shown in (A) and Fig. 1. Faded pie charts as in (A). (€) Representative 
PACMAD grass phytolith types from left to right: SapoLe (C4 Chloridoideae), Biopate 
(PACMAD), and Cross (PACMAD). (D) Ordination [nonmetric multidimensional scaling 
(NMDS); k = 2] of modern and fossil assemblage data. Details and data are provided 
in (16) and data S5 to S11. APPBO, closed-habitat grasses, which are diagnostic of 
early diverging grasses in the families Anomochlooideae, Pharoideae, Puelioideae, 
Bambusoideae, and Oryzoideae; DRC, Democratic Republic of Congo; Evg. forest or 
EF, evergreen forest; KEF, Kakamega evergreen forest. 
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The ecological significance of C4 grasses and 
habitat heterogeneity is further corroborated by 
phytolith assemblages documenting vegetation 
on these Early Miocene landscapes (16). Every 
site that yielded phytoliths provided evidence 
of grasses, and all except Napak and Moruorot 
had phytoliths from PACMAD grasses (i.e., 
potential C4 grasses) (data S5 and S6). Well- 
preserved assemblages from Moroto, Bukwa, 
and Rusinga could be analyzed quantitatively, 
and most are dominated by grass phytoliths 
(up to 91.9% of diagnostic phytolith counts; 
Fig. 3A, fig. S6, and data S5) (16). As many as 
90.8% of grass phytoliths (excluding unknown 
and damaged forms) are diagnostic of PACMADs, 
and up to 29.0% of grass phytoliths are typi- 
cal of the strictly-C, Chloridoideae PACMAD 
subclade (Fig. 3B). Nonchloridoid PACMAD 
phytoliths could represent C3 or C4 grasses, 
but strong C, isotopic signals from the same 
sites suggest that many derived from Cy, spe- 
cies. Nevertheless, to acknowledge this in- 
herent uncertainty, we refer to the sum of 
PACMAD phytoliths as “maximum potential 
C, phytoliths” (Figs. 3A and 4). Consistent 
with isotopic evidence for habitat heteroge- 
neity, the relative abundance of forest indi- 
cator phytoliths varied within and across sites 
as well, ranging from 8.1 to 81.8% (Fig. 3A and 
data S5). 


C,.wsC. Cc C. Cc 


Proportions of potential C, grasses in fossil 
phytolith assemblages most closely resemble 
modern eastern and central African habitats 
with substantial grass components: wooded 
grasslands, shrubland, bushland, riparian for- 
ests, and grassy glades within forests (Fig. 3A). 
Early Miocene grass communities were di- 
verse, including phytoliths typical of closed- 
habitat grasses, various PACMAD grasses (Fig. 
3, B and C), and potentially Pooideae grasses 
(strictly C3) (table S5). Nonmetric multidimen- 
sional scaling distinguishes closed habitats, 
represented by the Guineo-Congolian lowland 
rainforest, from open habitats in the form of 
(wooded) grasslands, shrublands, and bush- 
lands (Fig. 3D, fig. $7, and table S1) (16). As- 
semblages from forests with substantial grassy 
glades (i.e., Kakamega) or that are surrounded 
by open, grass-dominated vegetation (i.e., ri- 
parian forests in savannah landscapes) part- 
ly overlap with open, grassy vegetation types, 
but most Early Miocene assemblages fall out- 
side these compositional fields, instead show- 
ing greater similarity with C, grass-dominated 
habitats. 

Together, our data from multiple chrono- 
logically constrained paleoecological proxies 
reveal that: (i) C4 grasses were present in the 
Early Miocene of eastern Africa, and at some 
sites were a dominant part of the vegetation; 


(ii) open habitats (e.g., woodland, bushland, 
shrubland, and wooded grassland biomes) 
were a substantial and important component 
of Early Miocene ecosystems, contributing 
to landscape heterogeneity at individual sites 
and across the region both spatially and tem- 
porally (Figs. 3 and 4, and fig. S8); and (iii) 
the range of habitats and 5’°C values (Fig. 4, 
A to D, and fig. S8) and the C, grass abun- 
dances (Fig. 3, A and B) during the Early Mio- 
cene were at times similar to grassy savannah 
and woodland ecosystems reconstructed for 
the Late Miocene and Plio-Pleistocene (Fig. 4, 
A to D, and fig. S8) (25), only lacking evidence 
of true grasslands or rainforests [but see (26)]. 
Although it remains a challenge to differenti- 
ate spatial and temporal heterogeneity at a 
local level because our paleosol and paleoeco- 
logical proxies are time-averaged to various de- 
grees, temporally restricted horizons at Moroto 
and Rusinga document penecontemporane- 
ous forested to grassy woodland microhabitats 
(20, 23), suggesting that landscape-scale spa- 
tial heterogeneity contributed to the variable 
paleovegetation signals in our records. 


Implications for Neogene ecosystems 
of eastern Africa 


This study unequivocally extends the record 
of C, grasses in Africa, roughly coeval with 
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Fig. 4. Long-term record of isotopes, phytoliths, and CO2 from the late 
Oligocene—Holocene for eastern and central Africa. (A) Soil organic matter 
(SOM) 88C values from terrestrial samples. (B) 8'C values for C2, n-alkane 
homolog (5'°C,,,.) from terrestrial, marine, and lacustrine samples. (C) 38°C from 
pedogenic carbonates sampled from paleosols. (D) Maximum potential Cy (i.e., 
PACMAD) grass phytoliths of diagnostic counts with 95% confidence bars. 

(E) CO2 compilation for the past 25 million years from (29). ppm, parts per million. 
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Solid line depicts grand mean of all CO» proxy data, and gray outline indicates 
95% confidence interval. [(A) to (C)] Black lines represent mean C3, mean water- 
stressed (wsC3), and C4 endmember °C values calculated and corrected for 
atmospheric CO» 81°C as for Fig. 2. Data, data sources, and methods are 
provided in (16), table S1, and data S1, S2, S4, S5, S12, and S13. Quat., 
Quaternary; Pleis., Pleistocene; Plio., Pliocene; Olig., Oligocene. Holocene not 
shown owing to the scale of figure. 
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the earliest records of chloridoid phytoliths 
from North America (3). Furthermore, our 
data document the occurrence of ecologically 
abundant and, in several cases, locally dom- 
inant C4 grasses, predating by more than 
10 million years the near-global spread of C4, 
grasslands in the Late Miocene-Early Pleisto- 
cene (Fig. 4) (2, 3). This finding contradicts 
the longstanding view that C, grasses did not 
gain ecological importance in eastern Africa 
until the late Neogene (2, 7, 8, 17). Expansion 
of C, grasses has been linked to a range of 
local to global factors, including decreasing 
atmospheric pCOs, shifts in disturbance re- 
gime (e.g., fire, herbivory, volcanism), and 
changes in regional climate (e.g., aridity, sea- 
sonality) (2, 8, 9, 22, 27, 28). However, changes 
in pCO, are not likely to have played a role 
in structuring Early Miocene vegetation, as 
CO, levels remained relatively high during 
this time (Fig. 4) (29). Changes in the fire re- 
gime and fauna-vegetation interaction may 
have influenced plant communities, but cur- 
rent evidence from eastern Africa is insuf- 
ficient to evaluate these hypotheses in the 
Early Miocene. We hypothesize that regional 
tectonic factors (e.g., recurrent volcanic erup- 
tions and edifice building, extension-induced 
formation of escarpments and grabens) ex- 
pressed variably at the scale of individual 
sites were the primary controls on hetero- 
geneity and regional C, grass dominance in 
eastern Africa. Orographic climate effects re- 
lated to doming and uplift associated with 
incipient rifting would have disrupted both 
local and regional seasonality and drainage 
patterns, further enhancing ecological varia- 
bility. The presence of topographic barriers 
may also explain the lack of agreement be- 
tween in situ signals of C, vegetation reported 
in this study and regionally integrated records 
from marine cores off of the eastern and west- 
ern coasts of Africa, which first record C4 sig- 
nals at 10 Ma (8). 

Our discovery that heterogeneously distrib- 
uted C, vegetation preceded the rise to domi- 
nance of C, grassland habitats in eastern 
Africa stands in stark contrast to data from 
North America, South America, Australia, and 
eastern Asia, which indicate that C, grass- 
lands replaced C3-dominated grassy mosaics 
or other open, semiarid to arid vegetation 
(3, 9, 30). Thus, the C3-C, transition in eastern 
Africa may have been more protracted and 
complex than elsewhere. Additionally, hab- 
itat heterogeneity demonstrated by our data 
counters hypotheses of predominantly for- 
ested habitats in the Early Miocene of eastern 
Africa [(2, 31, 32), but see (33)], instead sup- 
porting a more nuanced interpretation of 
ecosystem evolution (15, 20, 23). At local 
scales—those at which organisms interact with 
their environments—the Early Miocene in 
eastern Africa was characterized by a variety 
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of habitats, including open vegetation with 
C4 grasses. The evident importance of open 
habitats in the early Neogene compels a deeper 
time perspective when considering adaptive 
hypotheses linking mammalian community 
evolution with grassland expansion in the fossil 
record. 
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Immobility-associated thromboprotection is conserved 
across mammalian species from bear to human 
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Venous thromboembolism (VTE) comprising deep venous thrombosis and pulmonary embolism is a 
major cause of morbidity and mortality. Short-term immobility-related conditions are a major 

risk factor for the development of VTE. Paradoxically, long-term immobilized free-ranging hibernating 
brown bears and paralyzed spinal cord injury (SCI) patients are protected from VTE. We aimed to 
identify mechanisms of immobility-associated VTE protection in a cross-species approach. Mass 
spectrometry—based proteomics revealed an antithrombotic signature in platelets of hibernating 
brown bears with heat shock protein 47 (HSP47) as the most substantially reduced protein. HSP47 
down-regulation or ablation attenuated immune cell activation and neutrophil extracellular trap 
formation, contributing to thromboprotection in bears, SCI patients, and mice. This cross-species 
conserved platelet signature may give rise to antithrombotic therapeutics and prognostic 


markers beyond immobility-associated VTE. 


mmobilization is a major risk factor for the 

development of venous thromboembolism 

(VTE) generating tremendous socioeco- 

nomic costs (7). Immobility-associated VTE 

is initiated by flow restriction in veins 
causing endothelial cell hypoxia (2). Recruit- 
ment of platelets to the activated endothelium 
leads to local activation of the plasmatic co- 
agulation system and innate immune cells (for 
example neutrophils and monocytes), orches- 
trating deleterious thromboinflammation, the 
central mechanism of VTE (3, 4). Despite long- 
term immobilization, chronically paralyzed 
patients with spinal cord injuries exhibit a 
VTE risk similar to that of the general pop- 
ulation (5-7). Hibernating brown bears (Ursus 
arctos) are another example of an organism 
that experiences a period of long-term im- 
mobilization, during winter. Although hiber- 
nating bears enter a physically immobile 
state that is accompanied by considerably re- 
duced cardiac output, there is no obvious 


evidence for VTE (8-I)). In our present study, 
we identified a platelet-derived antithrom- 
botic molecular signature that is conserved 
across different species and protects against 
immobility-induced VTE. 


Results 
VTE in nonhibernating brown bears 


Immobilization is a major risk factor linked to 
increased rates of VTE even in the absence of 
additional healthcare-related factors, such as 
obesity, acute trauma, or medical interventions 
(/, 12). In some animal species, hibernation 
leads to immobilization for several weeks or 
months. During their annual 4- to 7-month- 
long hibernation episodes, brown bears show 
notable plasticity by establishing an energy 
saving metabolism to adapt to hostile envi- 
ronmental changes during winter. However, 
this has not been linked to increased VTE- 
associated complications. A case in point are 
Swedish brown bears with a mortality rate 


¢ 


during hibernation of only 0.4% compi vide 
with 58.4% during activity (fig. S1A). In tl.-J2 
bears we found no echocardiographic evi- 
dence of pulmonary embolism during hiber- 
nation (right ventricle diameter, fig. SIB) and 
D-dimer levels were reduced compared with 
active bears (Fig. 1A). This indicates that im- 
mobilization during hibernation is not linked 
to an obvious excess in VTE rates. Neverthe- 
less, nonhibernating brown bears may develop 
VTE (table S1). Analysis of autopsy samples 
revealed characteristic histological pulmo- 
nary thrombus structure in some bears, in- 
cluding intravascular neutrophil extracellular 
traps (NETs), prothrombogenic externalized 
nuclear DNA-histone strands that foster intra- 
vascular thrombosis (13, 14) (Fig. 1, B and C). 
By spatial proteomics of thrombus samples, 
we identified key components of the coagula- 
tion system (e.g., factor X, factor V), platelets 
[e.g., glycoprotein (GP)V, GPIba] and neutro- 
phils (e.g., neutrophil elastase) in both brown 
bears and patients with VTE (Fig. 1, D and E, 
and table S2). Thus, brown bears possess a 
thromboinflammatory machinery similar to hu- 
mans enabling them to develop VTE but appear 
to be protected from immobility-associated 
VTE during hibernation. 


Antithrombotic platelet signatures 
during hibernation 


To identify factors potentially contributing to 
a naturally occurring antithrombotic mecha- 
nism during hibernation, we serially captured 
thirteen subadult brown bears for blood sam- 
pling during hibernation and the following 
activity period in spring in middle Sweden 
(Fig. 2A). First, we performed hematological 
characterization of the Scandinavian brown 
bear cohort. Hemoglobin and hematocrit values 
were elevated during winter reflecting intra- 
vascular dehydration (15) (fig. S2A). Whole 
blood thromboelastographic analysis showed 
that clot formation upon activation of the 
intrinsic—but not extrinsic—coagulation path- 
way is delayed during inactivity (Fig. 2B), even 
when we adjusted for seasonal differences in 
body temperature (winter 33°C, summer 37°C). 
Thrombus mass (clot firmness) was mildly 
reduced during hibernation (Fig. 2B). 
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Population-based studies have associated 
plasma coagulation factor activities with VTE 
risk in humans (J6, 17). When characterizing 
alterations within the intrinsic coagulation 
pathway of the bears in more detail, we found 
a prolonged plasma clotting time but with 
values that were still within the human ref- 
erence range (8) (fig. S2B). Further, single 
coagulation factor (factor VIII, factor IX, 
factor XI, factor XII) function was also only 
mildly reduced during winter (fig. S2C). Mass 
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Fig. 1. Venous thrombosis in brown bears. 

(A) D-Dimer levels were determined in serially 
measured plasma from brown bears during active 
phase and hibernation (n = 15; symbols represent 
individual bears; data shown as means + SD; 
P-values were determined using Wilcoxon test). 

(B) Histological images of organized and recanalized 
pulmonary thromboembolism in human and bear lung 
samples shows neo-vessel lumina (arrows) within 
organized thrombus (asterisks). Hematoxylin-eosin 
(H&E), Elastica-van-Giesson. Scale bars indicate 
50 um. (C) Representative immunofluorescence images 
of pulmonary thrombi in human (upper set) and bear 
lung samples (lower set). (Top) red, MPO; green, 
fibrinoge; blue, 4',6-diamidino-2-phenylindole (DAPI). 
Scale bars indicate 50 um. (Bottom) magnification of the 
thrombus areas with NET structures. Green, MPO; blue, 
4'6-diamidino-2-phenylindole (DAPI); red, CitH3 triple 
positive cells. Scale bars indicate 10 um. (D) Repre- 
sentative H&E picture of bear lung thrombi before and 
after laser capture microdissection (LCM). Thrombi 
within vessels (asterisks) were cut out and pooled per 


spectrometry (MS)-based plasma proteome 
profiling (79) showed no major differences 
in coagulation-related plasma proteins be- 
tween active state and hibernation. Instead, 
plasma proteome differences were dominated 
by enzymes that reflected a seasonal switch 
in metabolism, dominating intra-individual 
differences (fig. $2, D to F). Seasonal alter- 
ations in coagulation factors therefore are 
not the main feature responsible for VTE pro- 
tection during hibernation. Instead, throm- 
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NETs 


Before dissection 
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boelastography revealed that the seasonal 
differences in clot formation depend on plate- 
lets and disappear after platelet inhibition 
(FIBTEM, Fig. 2B). Of note, plasma levels of 
the physiological endothelial cell-derived 
platelet inhibitor prostacyclin were reduced 
during winter (fig. S2G). This prompted us 
to focus on the characterization of the plate- 
let population as the central blood compo- 
nent regulating physiological hemostasis and 
pathological thrombosis. 


Bear thrombus - mean width adjusted protein intensity 


individual for MS-based proteomics analysis. (E) Comparison of average, mean width adjusted protein intensities from bear and human lung thrombi (n = 3 per organism) 
cut out from H&E stained FFPE tissue slides with LCM. The proteins with highest intensities (gray), proteins from the coagulation cascade (blue), platelet markers 
(red), and neutrophile specific elastase (green) are highlighted with gene names. 
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Fig. 2. Platelet function in hibernating brown bears. (A) Field study scheme 
is shown. (B) Quantification of clotting time and mean clot firmness using 
thromboelastography after INTEM, EXTEM, and FIBTEM activation. Differences 
between blood from summer (n = 8), cool blood from winter (33°C; n = 6), and 
warmed blood from winter (37°C; n = 8) were analyzed. Symbols represent 
individual bears; data shown as means + SD; P-values were determined with one- 
way analysis of variance (ANOVA) test. (C) Light transmission aggregometry of 
washed platelets from winter and summer bears was performed after stimulation 
with the indicated agonists. Maximum aggregation after 6 minutes was assessed 
and representative aggregation curves are shown (n = 5 for thrombin 0.01 U/ml 
U/ml, n = 4 for collagen 20 pg/ml, n = 7 for collagen 10 ug/ml; 
symbols represent individual bears; data shown as means + SD; P-values were 
determined with paired t-test for collagen 20 ug/ml and th 
Wilcoxon test for collagen 10 pg/ml and unpaired t-test for thrombin 0.01 U/ml). 
(D) Secreted proteins from bear platelets (winter and summer) were analyzed 
upon collagen stimulation or control treatment with MS-based proteomics. 
Proteins changing significantly (FDR 5%) in one of the two group comparisons 
are highlighted in colors and only proteins with a fold change >1.5 times for the 


and thrombin 0.1 


Platelet and neutrophil counts were reduced 
(by 37.9 and 20.9%, respectively) in winter 
compared with summer (fig. S2A). The changes 
in platelets and neutrophils were mild com- 
pared with other well-studied hibernating ani- 
mals such as hamsters and other rodents in 
which a substantial decrease in body temper- 
ature below 10°C leads to profound seques- 
tering of platelets in the liver, neutrophil 
margination to the vessel wall, and lympho- 
cyte storage in secondary lymphoid organs 
(20-22). To analyze seasonal platelet function 
on a single cell type level adjusted for the dif- 
ferences in platelet counts, we freshly isolated 
washed platelets. Compared with summer, in 
winter platelet aggregation was delayed and 
reduced upon stimulation with fibrillar colla- 
gen and low, but not high, doses of thrombin 
(Fig. 2C) whereas adenosine diphosphate (ADP), 
Thromboxane A analog U46619, and thrombin 
receptor activating peptide (TRAP) induced 
platelet-shape change but failed to trigger 
platelet aggregation (fig. S2H). Platelet ag- 
gregation is accompanied by the release of 
the platelet granule compartment, fostering 
aggregation by providing auto- and paracrine- 
acting platelet agonists and fibrinogen as cross- 
linking substrates (23, 24). Using MS-based 
proteomics we found attenuated platelet pro- 
tein release in response to collagen during 
winter compared with summer (Fig. 2D and 
fig. S21). Spreading of individual collagen- 
activated platelets on soluble collagen and 
fibronectin, the substrates of 0281 and a5B1 
integrin adhesion receptors, was reduced in 
winter compared with summer. By contrast, 
we did not detect substantial seasonal differ- 
ences in platelet spreading in response to 
thrombin or on fibrinogen, the substrate of 
the most abundantly expressed platelet in- 
tegrin allbB, (Fig. 2E and fig. S3, A to C). 
These data show that collagen- and thrombin- 
induced platelet signaling during hiberna- 
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tion is attenuated, affecting distinct platelet 
responses. 

To elucidate the molecular basis of reduced 
platelet reactivity toward collagen and throm- 
bin during inactivity, we again chose MS-based 
proteomics as it only requires that the species 
has a sequenced genome; no active transcrip- 
tion and translation or available antibodies are 
necessary as in affinity-based protein identifi- 
cation (25, 26). This technology has success- 
fully been applied to biomarker discovery on 
body fluids and derived cell types, including 
platelets (27, 28). Despite poor annotation of 
the bear genome, we identified and quantified 
more than 2678 proteins. Platelet proteomes 
are markedly different between hibernating 
and active brown bears, with the abundance 
of 151 proteins (5.6%) significantly [False Dis- 
covery Rate (FDR) < 5%] changing with an ab- 
solute average of 2.1-fold. Of these, 80 were 
expressed at lower levels and 71 at higher levels 
during inactivity (Fig. 2F). The gene ontology 
(GO) terms associated with catabolism such 
as proteolysis, peptidase activity, and protea- 
some complex were enriched in the more highly 
expressed platelet proteins during inactivity, 
whereas no specific term enrichment was seen 
in the less-expressed proteins (FDR < 0.02). 
Focusing on proteins involved in platelet ac- 
tivation, we found decreased amounts of ROCK1 
(Rho-associated coiled-coil-containing protein 
kinase 1) during inactivity. ROCK1 is regulated 
by the small Rho-GTPase RhoA, and two of its 
activating guanidine exchange factors, FYVE 
and DOCK6, were also down-regulated, where- 
as ARHGAPI, a deactivator, was up-regulated. 
These findings already indicated a seasonal 
functional conversion of the platelet proteome 
toward lower activity. However, the platelet 
protein with the largest difference between 
hibernating and active bears was the gene 
product of serine proteinase inhibitor H1 
(SERPINH1), also known as heat shock pro- 
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collagen stimulation are shown. Dashed diagonal lines mark the 2 times fold 
change threshold between x and y axis comparison. (E) Spreading size of 


ated with the indicated agonists on soluble collagen 


|-coated surfaces was analyzed after 8, 15, and 30 minutes (n = 7; symbols 


s; data shown as means + SD; P-values were 


determined with paired t-test). Representative images show spreading after 


esents 20 um. (F) Statistical analysis of the platelet 


proteome of hibernating and active bear platelets reveals HSP47 as the most 
changed protein (fold change of 55.26). Changed proteins involved in ROCK1 
signaling are marked with gene names. Proteins significantly changing (FDR < 0.05) 
are highlighted in red in an unpai 
hibernation phase and acti 
protein intensity of the eight individuals for summer and winter. The rank of HSP47 
84 (summer) to 1624 (winter). (H) Representative immunoblots 


ed analysis of eight individuals’ platelets during 
vity. (G) Proteomes of bear platelets ranked by mean 


uring winter and summer for HSP47 in platelets are 


shown. (I) Group expression (MS-based proteomics) of a panel of platelet surface 
markers is shown as violin plots, which 


reveal an absence of regulation 
winter samples. 


tein 47 (HSP47). On average, HSP47 was 55-fold 
down-regulated in the platelets of hibernat- 
ing bears, 10 times more than the next most 
down-regulated protein (RRBP1, fivefold change) 
(Fig. 2, F to I). 


Platelet HSP47 regulates thromboinflammation 


HSP47 belongs to the SERPIN superfamily but 
possesses no serine protease inhibitory ac- 
tivity. In a fibroblast context it acts as an 
endoplasmic reticulum resident chaperone, 
specifically facilitating collagen folding and 
secretion into the extracellular space. In 
different fibrotic diseases and skeletal mal- 
formation pathologies, HSP47 acts as a key 
disease driver (29). Recently, it has been de- 
tected on the platelet membrane, promoting 
collagen signaling together with GPVI and 
integrin 02f1, the two major collagen recep- 
tors in experimental arterial thrombosis and 
stroke (30-33). Given its strong regulation and 
cross-species conservation, we decided to func- 
tionally investigate the potential protective 
effect of HSP47 down-regulation in the context 
of VTE. 

To define the functional role of platelet HSP47 
in VTE in vivo, we generated PF4-Cre(+)/HSP47- 
or PF4-Cre(—)/HSP47 pone marrow chimeric 
mice and subjected them to venous flow re- 
striction (Fig. 3A and fig. $4, A and B). HSP47 is 
abundantly expressed by platelets but not 
leukocytes. PF4-Cre mediated recombination 
in chimeric mice therefore leads to specific 
deletion of HSP47 in the platelet compartment 
(Fig. 3B and fig. S4C). Thrombus frequency 
and sizes in PF4-Cre(+)/HSP47’~ chimeric mice 
were drastically reduced compared with con- 
trols (Fig. 3C). At the same time, NETs were 
reduced in PF4-Cre(+)/HSP47 compared 
with control mice (Fig. 3D). As patients with 
VTE have increased plasma levels of NET mark- 
ers, we also quantified circulating citH3/DNA 
complexes (Fig. 3E) as well as circulating DNA 
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Fig. 4. HSP47 regulates thromboinflammation. (A) Multicolor flow cytometry 
on platelets following activation with indicated stimuli in the presence or absence 
of HSP47 inhibitor (SMI 1) is shown. T-distributed stochastic neighbor embedding 
(t-SNE) of platelet heterogeneity is displayed by Flow-SOM plots. Heatmap 

of the mean fluorescence intensity (MFI) for each platelet subcluster relative to 
the maximum MFI of the surface marker is shown. Frequency of population 

5 following SMI | or vehicle treatment is shown (n = 4; bars show means + SD; 
P-values were determined using paired t-test). (B) Changing peptides from 
phospho-proteome analysis of activated platelets under SMI | treatment 
compared with vehicle treatment after collagen/thrombin stimulation. The 
phospho-proteome of six individuals was compared by independent t-test and 
average fold changes of all peptides are displayed in the histograms. 

(C) Thrombin binding to the surface of platelets from healthy control patients 
was analyzed using flow cytometry after addition of two different HSP47 small 
molecule inhibitors [n = 5 for SMI | (Col003), n = 4 for SMI Il (RHOOO07SC)). 
Symbols represent individuals; data shown as means + SD; P-values were 
determined using paired t-test. (D) Thrombin binding to the surface of platelets 
from HSP47-deficient mice (PF4-Cre(+)/HSP47 7) and littermate controls 
[PF4-Cre(-)/HSP47"] was examined. Symbols represent individuals; data 


(fig. S4D) in bears (34-36). Along with Hsp47 
down-regulation and D-dimer levels (Fig. 1A), 
both markers were reduced during hiberna- 
tion. Consistent with these findings we ob- 
served reduced prothrombotic NET formation 
in an in vitro co-culture model of neutrophils 
and platelets isolated from hibernating com- 
pared with active brown bears whereas NET 
formation of PMA-stimulated neutrophils was 
unaffected (Fig. 3F). When we pretreated hu- 
man platelets with two HSP47-specific small 
molecule inhibitors (SMI; Col003, SMI I; 
RHOO007SC) (30, 37), platelet-neutrophil ag- 
gregates were reduced upon stimulation with 
thrombin (Fig. 3G and fig. S4E) and prothrom- 
botic NET formation was attenuated (Fig. 3H 
and fig. S4F). 

Activated platelets fuel NET formation by 
release of granule content and direct physical 
interactions with neutrophils (38, 39). To dis- 
sect the functional role of HSP47 in both pro- 
cesses, we first quantified platelet activation 
and granule release by multicolor flow cytom- 
etry. SMI I treatment reduced the fraction of 
activated platelets that express high levels of 
granule secretion markers (cD62P™2, cb63"™2") 
as well as active integrin olIbB3 (PAC-1%2") 
and attenuated collagen platelet aggregation 
(t-SNE cluster population 5; Fig. 4A and fig. 
S5, A and C). In phospho-proteome analysis of 
aggregation assays, phosphorylation patterns 
were sensitive to HSP47 inhibition with SMI I 
(Fig. 4B and fig. S5, D to G) as well as SMI II 
(fig. S5H). Pharmacological inhibition of HSP47 
with SMIs almost completely abolished bind- 
ing of thrombin to the platelet surface (Fig. 
4C). We also found reduced thrombin binding 
to HSP47-deficient mouse platelets (Fig. 4D), 
suggesting that HSP47 regulates thrombin 
recruitment to platelet surfaces. 

Next, we investigated whether the interac- 
tion of HSP47 with neutrophils affects their 
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experiments, n = 4; P-va 


symbols represent individ 
multiple t-test. (J) CD11b 


neutrophils upon stimulati 


n= 5 for unstimulated an 


function. Flow cytometric analysis of neutro- 
phils treated with purified HSP47 revealed in- 
creased intracellular reactive oxygen species 
production and increased leukocyte integrin 
CD11b expression, only somewhat less efficient 
than N-Formylmethionine-leucyl-phenylalanine 
(fMLP), an established highly potent neutro- 
phil activator (Fig. 4, E and F). Direct or co- 
stimulation with HSP47 augmented NET 
formation even in the absence of platelets 
(Fig. 4G). To further elucidate the molecular 
mechanism by which HSP47 activates neu- 
trophils, we analyzed toll-like receptor (TLR) 
signaling, which is known to be induced by 
other heat shock proteins. Indeed, inhibition 
of TLR2 but not TLR4 reduced CD11b expres- 
sion in response to HSP47 peptide (Fig. 4, H 
and I). In line with this, we found reduced 
CD11b expression after inhibition of MyD88 
by Pepinh-MYD peptide, a canonical adaptor 
downstream of TLR2 and -4 signaling path- 
way, after stimulation with recombinant HSP47 
(Fig. 4J). In summary, we identified a mech- 
anism by which HSP47 facilitates thrombin 
binding to platelet surfaces as well as neutro- 
phil activation through the TLR2-MyD88 sig- 
naling axis. 


HSP47 down-regulation in immobile patients 


We addressed the relevance of thrombopro- 
tective HSP47 down-regulation in scenarios 
beyond hibernation. Chronically paralyzed 
patients with spinal cord injury (SCI) exhibit 
a VTE risk similar to the general population 
for unknown reasons despite long term im- 
mobilization (5-7). We therefore recruited 
chronically immobilized patients who were 
either bedridden or wheelchair-bound as a 
result of SCI and matched healthy controls 
(Fig. 5A and table S3). HSP47 levels before 
SCI were unknown, but platelet HSP47 ex- 
pression was reduced in SCI compared with 
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shown as means + SD; P-values were determined using unpaired t-test. (E) ROS 
production and (F) CD11b surface expression on neutrophils upon stimulation 
with purified HSP47 peptide and fMLP. Bars show means + SD; symbols 
represent individual experiments, n = 4; P-values were determined using paired 
t-test. (G) Percentage of NET-forming neutrophils was analyzed after stimulation 
with HSP47 peptide or co-stimulation with f 
bars show means + SD; P-values were determined using paired t-test). Scale bar 
represents 30 um. (H) Expression of CD11b (MFI ratio to unstimulated) in 
neutrophils upon stimulation with the indicated agonists in presence or absence 
of TLR2 inhibitor. Bars show means + SD; symbols represent individual 

ues were determined using paired t-test. (I) Expression 
of CD11b (MFI ratio to unstimulated) in neutrophils upon stimulation with the 
indicated agonists in presence or absence of TLR4 inhibitor. Bars show means + SD; 
ual experiments, n = 4; P-values were determined using 
surface expression (MFI ratio to unstimulated) in 

on with the indicated agonists in presence or absence of 
MyD88 inhibitor. Bars show means + SD; symbols represent individual experiments, 
dd HSP47; n = 4 for LPS and fMLP; P-values were 
determined using paired t-test. 


LP and HSP47 peptide (n = 4; 


matched healthy controls, parallel to the hi- 
bernating bear population. The expression of 
other key platelet receptors (GPVI and GPIba) 
remained unchanged, indicating a specific 
response (Fig. 5B and fig. S6A). Immuno- 
blotting and confocal fluorescence micros- 
copy confirmed reduced protein expression 
whereas HSP47 cellular distribution did not 
differ (Fig. 5, C and D). Coagulation and whole- 
blood thrombus formation was unchanged 
between patients and controls (fig. S6, B and 
C). Circulating DNA and citrullinated his- 
tone 3 levels—biomarkers of NET formation— 
were also similar, indicating absence of a 
prothrombotic state in chronically immobil- 
ized patients (fig. S6D). Consistent with our 
findings regarding human platelets treated 
with HSP47 SMI, thrombin binding to plate- 
lets was reduced in SCI patients (Fig. 5E). 
Quantifying agonist-induced platelet activa- 
tion indicated normal aggregation responses 
(fig. S6E) whereas platelet granule release 
and integrin activation (i.e., CD62P and PAC-1) 
were attenuated in chronic immobilization 
(Fig. 5F). The reduced HSP47 levels on SCI 
platelets were associated with attenuated 
neutrophil platelet interactions and NETosis 
compared with healthy controls (Fig. 5, G 
to I). A merged analysis of both groups re- 
vealed a direct correlation between HSP47 
expression and platelet neutrophil aggre- 
gates or NETs (Fig. 5J), indicating that HSP47 
expression correlates with thrombogenic- 
ity in immobilized patients. When we ana- 
lyzed HSP47 mRNA in platelets, we found 
reduced HSP47 transcripts in SCI patients 
compared with healthy controls, indicating 
that HSP47 regulation occurs at the mega- 
karyocyte (MK) level (Fig. 5K). In patients 
acutely immobilized with intracranial bleed- 
ing (table S4), the kinetics of platelet HSP47 
down-regulation—but not GPVI or GPIba 


7 of 10 


RESEARCH | RESEARCH ART 


ICLE 


A B j 400 Cc 
} = 
| i 
> y Control = 300 
_ SP47 5 
zs | o 
8 ® 200 
f rs 
Control Bes 
isotype 
Matched controls SCI patients a 109 
n=23 n=23 2 
10" 10° 10° 10° Control SCI 
MFI intensity (log10) patients 
D Control SCI patient 
pes Se 
2 
cy 
= 
; ; 


i) 


F 
& 
jo} 
oO 


control 


Frequency 


A Thrombin binding (M 


MFI intensity (log10) 


H_ wcontrol HSCI patients | 
60 0.0392 
3s © ZS 
Q ° = 
O) ie. 
% 40 . 2 
Do i. 
@ 8 s 
S 0.2940 ° @ 
© — = 
e £ 
a 204 w 2 
z - Ww 
= 
a 


=< head down 


Day 0 
Baseline 


Day 27 


0.0059 
e 


HSP47 expression (MFI) 


Baseline d27 


Figure 5 


Thienel et al., Science 380, 178-187 (2023) 


Control SCI patients 


Unstimulated Collagen Thrombin 


F Control SCI patients 


15 


fo?) 
Oo 
ee} 


o 


40 10 


iN 


NO 


P-selectin expression (ratio, MFI) 
PAC-1 expression (ratio, MFI) 


Cd63 expression (ratio, MF1) 


d N x x 
& RS 
1S) 1S) a Q 
yO 
SF 9 
S 40000 
Eq <0.0001 
> 
'® 30000 
oO 
£ 
(0) 
2 20000 
oO 
oO 
wn 
© 
§ 10000 
Nn 
+ 
a 
a 0 
x= i 
Control SCI patients 


G 


Control 


SCI patients 


Collagen Thrombin Collagen Thrombin Collagen Thrombin 
Hi Control WSCI patients J 
0.0149 
15 = 80 20 
0.6250 $ ta R? = 0.4082 Ss R? = 0.5892 
© 2 P = 0.0077 c 
© 2 
my 915 
104 0.9972 & ra} 
——, D — 
~ no} 
3 810 
oO =i 
im TT 
5 2 £ 
= £5 
2 iS 
5 2 
= - 0 


0 100 200 300 


HSP47 expression (MFI) 


Down-regulated from immobility 


HSP47e 


Difference in human (Baseline - d27) 


e p-value < 0.05 in 
at least one set 
° other proteins 


_/Up-regulated 
from immobility 


0.5 1 
Difference in bear (Summer - Winter) 


1.8 


14 April 2023 


0 


Frequency 


100 200 
HSP47 expression (MF1) 


Mobile 
pig 


Immobile 
pig 


Isotype 
control 


10* 10? 10% 10% 10° 
MFI intensity (log10) 


Unstimulated 


PNA 


Thrombin 


PNA 
53.2 


3.72 


za 


47 0.0286 


HSP47 (relative mRNA expression) 
ak Le) wo 


> 


SCI 
patients 


Control 


F 
NO w aN 
is) is) (=) 
fo} fo} fo) 


HSP47 expression (MFI 


(>) 


Mobile Immobile 


8 of 10 


RESEARCH | 


RESEARCH ARTICLE 


Fig. 5. Thrombus protection by HSP47 down-regulation. (A) Schematic view 


of the recruited SCI cohort 


and healthy controls. (B) Platelet expression of 


HSP47 (MFI) in healthy controls and patients with SCI. Representative flow 
cytometry histograms are shown (n = 19; data shown as means + SD; P-values 
were determined using Mann-Whitney test). (C) Representative immunoblot 
for HSP47 in human platelets from immobile patients and matched healthy 
controls. (D) Immunofluorescence microscopy of HSP47 (red) and actin (green) 


was performed in platelets 
HSP47 fluorescence inten 
dotted line) and interquarti 
independent experiments w 
profile and histogram (MFI 


n 


from patients with SCI and healthy controls. 


ity was quantified [violin plot shows median (thick 


e range (thin dotted lines); cells from three 
ere analyzed]. Representative cells are shown in both 
. Scale bar indicates 10 pm; P-values were 


determined using Mann-Whitney test. (E) Thrombin binding was analyzed using 
flow cytometry in patients with SCI (n = 8 for patients with SCI and healthy 


controls. Symbols represen 


t individual humans; data shown as means + SD; 


P-values were determined using Mann-Whitney test. Representative flow 


cytometry is shown). (F) Q 
(MFI ratios to unstimulated 


uantification of platelet activation marker expression 
) by flow cytometry following stimulation with the 


indicated agonists (bars represent means + SD; symbols represent single 


SCI patients or healthy con 
using unpaired t-test for P- 


trols; n = 8 per group; P-values were determined 
selectin stimulation with thrombin, PAC-1, 


independent experiments 


are shown. (H) Quantification of human PMN-platelet 


aggregates formation after platelet stimulation with thrombin in vitro (symbols 
represent individual SCI patients and healthy controls n = 8 per group; bars show 


mean + SD: P-values wert 


e determined using unpaired t-test). (1) Quantification of 


NETs per neutrophil after stimulation of platelets with indicated agonists (bars 
represent means + SD; symbols represent single patients or healthy controls; 


n = 8 per group; P-values 


were determined using unpaired t-test). (J) Pooled 


(patients and healthy controls; n = 16) correlation analysis of HSP47 expression with 
thrombin induced aggregates or thrombin-induced NETs, given as r-values; analysis 


was done using Pearson correlation. (K) HSP47 mR 


A was quantified in platelets 


from patients with SCI and healthy controls (n = 4). Bars represent means + SD; 


symbols represent single 
using Mann-Whitney test. 


patients or healthy controls; P-values were determined 
(L) Schematic view of the bed rest cohort analyzed. 


(M) Serial analysis of HSP47 expression at indicated time points is shown (symbols 


represent single individual 
Wilcoxon test). (N) Corre 


is; n = 10 per group; P-values were determined using 
ation of protein fold changes from proteomics analysis of 


the hibernating versus active bears and human individuals before and after 27 days 
of bedrest. Proteins with a t-test P-value < 0.05 in one of the two sets are 


highlighted in red. Protein 
bears and humans upon i 
the bottom left quadrant 
expression of HSP47 (MFI 


s in the upper right quadrant are co-down-regulated in 
mmobility (e.g., HSP47, SYK, ASAP1), whereas proteins in 
are co-up-regulated upon immobility. (O) Platelet 

) in immobile and mobile pigs (n = 5; symbols represent 


CD63; Mann-Whitney was used for P-selectin stimulation with collagen). 
(G) Quantification of platelet-PMN aggregates following platelet stimulation 
with thrombin. Representative flow-cytometric contour plots from eight 


levels—followed platelet turnover, consistent 
with a regulation of HSP47 expression at the 
MK level (fig. S6F). 

Finally, to study the effect of immobilization 
in a physiological setting, we analyzed a lon- 
gitudinal cohort of healthy individuals under- 
going voluntary bed rest immobilization (see 
materials and methods and Fig. 5L). After 27 
days of bed rest, platelet HSP47 was drasti- 
cally reduced whereas GPVI or GPIba surface 
expression did not change (Fig. 5M and fig. S6, 
G to H). In a metaproteome analysis, we per- 
formed a bioinformatic matching for homolo- 
gous proteins between the human and bear 
proteome (Fig. 5N and table S5). This enabled a 
cross-species comparison of immobility-induced 
proteome changes, where we focused on pro- 
teins involved in platelet activation. In addi- 
tion to HSP47 we observed down-regulation 
of SYK, ASAP1, and Erp44 upon immobility 
in bears and humans. All of these proteins are 
known to be involved in platelet activation 
(40-42). We conclude that immobility is a trig- 
ger for functional platelet proteome conver- 
sion in an antithrombotic manner. To explore 
immobility-induced HSP47 down-regulation 
in platelets across a wider range of species, 
we added pigs as another mammalian model. 
After giving birth to their piglets, lactating pigs 
were limited in mobility for 21 to 28 days. 
Compared with free-ranging indoor pigs, plate- 
let HSP47 expression was reduced as detected 
using flow-cytometry (Fig. 50). However, 
mobile pigs were neither lactating nor gave 
birth within the preceeding weeks, which is 
a limiting factor that might affect HSP47 
expression. 
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Discussion 
Combining functional analyses in free-ranging 
brown bears, mice, pigs, and humans, we un- 
covered a cross-species conserved physiolog- 
ical process upon immobilization. Through 
HSP47 down-regulation, chronic immobiliza- 
tion conveys protection from VTE by reversing 
the pro-thromboinflammatory state that nor- 
mally follows immobilization. We therefore 
suggest that HSP47 is a promising target to 
prevent VTE in patients exposed to immobil- 
ization, that might be evolutionarily conserved 
across mammals. Our findings provide mech- 
anistic insight into the paradox that the VTE 
risk of long-term immobilized SCI patients 
resembles the risk of the general population. 
Further investigation is needed regarding the 
molecular basis of mechanosensation during 
hemostasis and thrombosis in various con- 
texts, including microgravity in space, which 
can lead to venous thrombosis (43, 44). How- 
ever, our data also establish a function of HSP47 
driving thromboinflammation in the tightly 
controlled interplay of innate immune cells 
and platelets in general. Toward clinical ap- 
plication, our findings thus suggest a concept 
for treating thromboinflammatory cardiovas- 
cular diseases by making use of naturally oc- 
curring thromboprotective mechanisms. 
Immobility is not the single cause of VTE 
and we did not investigate the role of HSP47 
in other thromboembolic environments such 
as cancer or coagulation disorders. Never- 
theless, patients at risk of VTE beyond im- 
mobilization might benefit from treatments 
mimicking the here-described thromboprotec- 
tive mechanism. 
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individual pigs; data shown as means + SD; P-values were determined using 
unpaired t-test). Representative flow cytometry histograms are shown. 
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DROUGHT 


A global transition to flash droughts under 


climate change 


Xing Yuan’*, Yumiao Wang”, Peng Ji??, Peili Wu°, 


Justin Sheffield*, Jason A. Otkin® 


Flash droughts have occurred frequently worldwide, with a rapid onset that challenges drought 
monitoring and forecasting capabilities. However, there is no consensus on whether flash droughts have 
become the new normal because slow droughts may also increase. In this study, we show that drought 
intensification rates have sped up over subseasonal time scales and that there has been a transition 
toward more flash droughts over 74% of the global regions identified by the Intergovernmental Panel 
on Climate Change Special Report on Extreme Events during the past 64 years. The transition is 
associated with amplified anomalies of evapotranspiration and precipitation deficit caused by 
anthropogenic climate change. In the future, the transition is projected to expand to most land areas, 
with larger increases under higher-emission scenarios. These findings underscore the urgency for 
adapting to faster-onset droughts in a warmer future. 


roughts are periods of time with a per- 

sistent water deficit (1, 2), which can 

cause devastating impacts on regional 

economies and environments (3-5), as 

well as on human health (6). Droughts 
mainly originate from large-scale internal cli- 
mate variability, in which ocean-atmosphere 
teleconnections associated with phenomena 
such as the El Nifio-Southern Oscillation, Pa- 
cific Decadal Variability, and Atlantic Multi- 
decadal Variability play critical roles in drought 
formation and persistence over interannual 
to decadal time scales (7, 8). For droughts that 
occur over shorter seasonal time scales, the 
dominant drivers can also include local or 
remote land-atmosphere feedbacks (9, 10). 
The multiscale interactions among these dif- 
ferent parts of the climate system raise chal- 
lenges for drought forecasting and impact 
mitigation. Droughts are also influenced by 
anthropogenic forcings such as climate change 
(2, 11), land use or land cover change, and hu- 
man water consumption and management 
(12, 13). As global warming accelerates the 
terrestrial water cycle (14, 15), agricultural and 
hydrological droughts have increased sub- 
stantially in many regions (JI, 16, 17) and are 
projected to become more frequent, longer, 
and more severe in a warmer future (2, 77, 18). 
Such statements are based on analysis of 
droughts at seasonal, annual, or decadal time 
scales. However, recent studies have shown 
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that droughts also occur frequently at sub- 
seasonal time scales worldwide (4, 5, 19-24) 
and can develop into severe droughts with- 
in a few weeks. These rapid-onset droughts 
are termed “flash droughts” in contrast with 
conventional droughts that evolve slowly. In 
addition to large precipitation deficits, flash 
droughts are also caused by abnormally high 
evapotranspiration that depletes soil water 
quickly (25-29), which challenges current 
drought monitoring and forecasting capabil- 
ities (30-34) that were developed to detect 
slowly evolving droughts. 

The concept of flash droughts was proposed 
at the beginning of the 21st century but did 
not receive wide attention until the occurrence 
of the severe US drought in the summer of 
2012 (5, 28, 30, 34). This drought was regarded 
as one of the most severe US droughts since 
the 1930s Dust Bowl and caused more than 
US$30 billion of economic losses (35). One of 
the distinctive features of this drought was its 
extremely rapid onset, with many locations 
going from drought-free to extreme drought 
conditions within a month. This rapid intensi- 
fication was unexpected, and no operational 
prediction models captured its onset (30). In 
this regard, some flash droughts can be con- 
sidered as the onset stage of a long-term 
drought, the impacts of which are amplified 
by a subsequent persistent period of severe 
drought conditions (23, 30, 36). Moreover, 
even without a transition to seasonal drought, 
these rapidly evolving subseasonal droughts 
have substantial impacts on vegetation growth 
(37) and can trigger compound extreme events 
such as heat waves or wildfires. Previous 
studies have focused on the evolution and 
changing characteristics of flash droughts 
(5, 20-29) and found that human-induced 
climate change has increased the frequency 
of flash droughts throughout southern Africa 
(20) and China (2/). A recent study presents 
a 36-year climatology report of global flash 


¢ 


droughts and shows substantial increase i 
flash droughts throughout several key reg... — 
(38). However, no consensus has been reached 
on whether there has been a transition from 
slow to flash droughts at the global scale, be- 
cause the frequency of slower-developing 
droughts at subseasonal time scales may also 
increase. There is currently no robust evidence 
that drought intensification rates have in- 
creased globally, although several studies have 
speculated such increases by relating drought 
onset with global warming (/6, 27). 

In this study, we investigated changes in the 
speed of global drought onset and the parti- 
tioning between flash and slow droughts. 
We divided subseasonal droughts into flash 
droughts (27, 28) and slow droughts by onset 
speed measured by the declining rate of soil 
moisture and present their global distribu- 
tions during the local growing season over the 
past 64 years. We then estimated the global 
trend of the ratio of the number of flash droughts 
to total subseasonal droughts and the global 
trend of the onset speed of subseasonal droughts 
and attributed these trends to anthropogenic 
climate change on the basis of the sixth Coupled 
Model Intercomparison Project (CMIP6) (39) 
climate model simulations (table SI). We also 
showed how these trends vary over different 
IPCC SREX (Intergovernmental Panel on Cli- 
mate Change Special Report on EXtreme events) 
regions (40). 


Global distributions of flash and 
slow droughts 


On the basis of estimates of soil moisture 
from three global reanalyses from 1951 to 
2014, subseasonal drought events are iden- 
tified as pentad-mean soil moisture declines 
from above the 40th percentile to below the 
20th percentile and then increase to above 
the 20th percentile again [supplementary ma- 
terials (SM), materials and methods]. The min- 
imum duration for subseasonal droughts is 
20 days to exclude dry spells that are too short 
to cause substantial impacts. We then divided 
the subseasonal droughts into flash and slow 
droughts depending on the rate of the reduction 
in soil moisture (27) during the onset stage (fig. 
S1). We used the ratio of flash drought events to 
the total number of subseasonal drought events, 
and the subseasonal drought onset speed (SM, 
materials and methods), to quantify the tran- 
sition to flash droughts by determining whether 
there are significant trends in these two indices. 
Flash droughts tend to occur more often than 
slow droughts over humid regions with lower 
aridity (Fig. 1A and fig. S2), where flash-drought 
frequency is two to three times greater than 
other regions (fig. S3A). By contrast, slow drought 
occurrence has smaller spatial variability (fig. 
S3B). Flash droughts usually last for 30 to 
45 days, whereas slow droughts usually last for 
40 to 60 days (fig. S4). The uncertainty across 
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the three reanalyses is low over most humid 
and semihumid regions but high over arid 
regions (fig. S5). 

The regions with a higher flash drought 
ratio also have faster drought onset speeds 
(Fig. 1B), which are associated with large pre- 
cipitation deficits and/or increases in evapo- 
transpiration. Compared with slow droughts, 
larger precipitation deficits occur during 
the onset stage of flash droughts over most 
global land areas (fig. S6A). In addition to 
the precipitation deficit, the increase in evapo- 
transpiration (fig. S6B) accelerates the draw- 
down of soil moisture, which results in a 
higher likelihood of flash drought over humid 
regions, such as Europe, North Asia, south- 
ern China, eastern and northwestern parts 
of North America, and the Amazon. Evapo- 
transpiration over these regions is energy 
limited, and the enhanced radiation because 
of fewer clouds drives the increase in evapo- 
transpiration and speeds up drought onset. 
Over regions with higher aridity (such as 
northern China, western India, and parts of 
Africa), evapotranspiration is water limited 
(41), and the decrease in evapotranspiration 
during the onset stage suggests that precipita- 
tion deficit is the main driver of flash droughts 
(fig. S6). 


Detection and attribution of changes 
in global droughts 


Given that global land evapotranspiration is 
increasing in a warming climate (14, 42), it 
was hypothesized that drought onset may 
speed up globally (6). In this study, we pro- 
vide robust estimations that there are upward 
trends in the global mean flash drought ratio 
(P < 0.1) and subseasonal drought onset speed 
(P < 0.1) from 1951 to 2014 (Fig. 2, A and B), 
which means that subseasonal droughts have 
developed faster and shifted from slow to flash 
droughts at global scale. To assess whether the 
global trends are sensitive to the definition of 
flash droughts (43), we increased and decreased 
the soil moisture thresholds for drought start- 
ing and ending points as well as drought on- 
set speed and found that the upward global 
trends remain significant (P < 0.1) (fig. S7). 
The upward global trends are well captured 
by the state-of-the-art CMIP6/ALL multi-model 
ensemble simulations (P < 0.1) (Fig. 2, A and 
B), in which both the anthropogenic climate 
forcings (anthropogenic emission of, for exam- 
ple, greenhouse gases and aerosols) and natural 
climate forcings (solar and volcanic activities) 
are considered. The CMIP6/ALL ensemble sim- 
ulations also roughly capture the spatial pat- 
terns of long-term climatology of flash drought 
ratio and subseasonal drought onset speed 
(fig. S8). However, the global trends are not 
captured by the CMIP6/NAT ensemble sim- 
ulations that only consider natural climate 
forcings (Fig. 2, A and B). The best estimates of 
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Fig. 1. Spatial distributions of the flash drought ratio and the onset speed of subseasonal droughts. 
(A) The ratio (%) of flash drought events to the sum of flash and slow drought events [subseasonal drought 
events (SM, materials and methods)]. (B) The mean onset speed (%/pentad) for both flash and slow 
droughts. All statistics are based on the average results from ERA5, GLDASv2.0/Noah, and GLDASv2.0/ 
Catchment global reanalysis data during the growing seasons of 1951 to 2014 (April to September for the 
Northern Hemisphere and October to March for the Southern Hemisphere). 


scaling factors (SM, materials and methods) 
show that only the ANT (ALL-NAT; anthropo- 
genic forcings) signal is detectable, with con- 
tributions of 48% (10 to 86%) and 39% (13 to 
70%) to the increases in flash drought ratio 
and subseasonal drought onset speed, respec- 
tively (Fig. 2, C and D). With CMIP5 models 
included, the detection and attribution results 
remain similar (fig. S9). We therefore conclude 
that the global transition to more frequent 
flash droughts during the past 64 years is in- 
fluenced by anthropogenic climate change. 
During the onset stage of subseasonal droughts, 
there has been a significant increase (P < 0.1) 
in strong anomalies of global evapotranspira- 


tion and a significant decrease (P < 0.1) in strong 
anomalies of precipitation surplus (precipita- 
tion minus evapotranspiration) during the past 
64 years, in which anthropogenic contribu- 
tions are detectable (fig. S10). The decrease in 
strong anomalies of precipitation surplus is 
dominated by the increase in strong anomalies 
of evapotranspiration because strong anomalies 
of precipitation show a small and insignificant 
decreasing trend (P < 0.1). Again, the results 
were similar after incorporating CMIP5 models 
(fig. S11). Therefore, anthropogenic climate 
change has significantly (P < 0.1) amplified 
the strong anomalies of global evapotranspira- 
tion and precipitation surplus and ultimately 
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Fig. 2. Attribution for changes in global mean flash drought ratio and 
onset speed of subseasonal droughts. (A) Observed and simulated anomalies 
of the ratio (%) of flash drought events to subseasonal drought events averaged 
over the globe from 1951 to 2014. The black line indicates the results based 

on three global reanalysis datasets (OBS, mean of three reanalyses), and red and 
blue lines show the ensemble mean results based on CMIP6 climate model 
simulations with ALL and NAT forcings, respectively (table S1). The thick lines are 
10-year running means, and the pink and cyan shadings display the 5 to 95% 
ranges of ALL and NAT ensemble simulations, respectively. (C) The best 
estimates of the scaling factors (left axis) and attributable increasing trends 
(%/year, right axis) from two-signal [ANT (ALL-NAT) and NAT] analysis of the 


has sped up drought onset and enhanced the 
global transition to more frequent flash droughts. 


Regional drought changes in the past 
and projected future 


A significant global transition to flash droughts 
is driven by regional increases in flash drought 
ratio over 74% of the IPCC SREX regions, 
notably for the significant increases (P < 0.1) 
over East and North Asia, Europe, Sahara, 
and the west coast of South America (Fig. 
3A). Moreover, the onset speed of subseaso- 
nal droughts has increased over most regions, 
with significant increases (P < 0.1) over North 
Asia, Australia, Europe, Sahara, and the west 
coast of South America (Fig. 3B). These re- 
gions’ significant increases in flash drought 
ratio and subseasonal drought onset speed 
(Fig. 3, A and B) are largely because of the 
increases in the frequency and onset speed of 
flash droughts (fig. S12). The regions with in- 
creasing onset speed but decreasing flash 
drought ratio suggest that the transition from 
slow to flash droughts might not be stable 
(Fig. 3, A and B). For example, East Africa, 
Northeast Brazil, and western North America 
show a historical decline in the flash drought 
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1996 2005 2014 


ratio (Fig. 3A), but the frequency increases for 
both flash and slow droughts (fig. S12, A and 
C). These regions may eventually switch to a 
more stable transition once the onset speed 
increases to a certain level in the future. There 
are also regions with decreased frequency for 
both flash and slow droughts (such as eastern 
North America, southern South America, North 
Australia, and Southeast Asia), but the drought 
onset speed has increased (fig. S12). Almost 
all regions—except the Amazon and West 
Africa—show increasing trends in flash drought 
ratio and/or subseasonal drought onset speed 
(Fig. 3, A and B). For the Amazon, there is 
no evidence of a transition to flash droughts 
because drought onset speed decreases and 
flash-drought frequency decreases, whereas 
slow-drought frequency increases (fig. S12). 
For West Africa, both flash and slow droughts 
increase, whereas flash droughts occur faster 
and slow droughts occur slower, which sug- 
gests a more extreme drought condition even 
without an obvious transition signal (fig. S12). 
The results are similar for those with different 
drought thresholds (figs. S13 to S15). 

Because of the regional differences in the 
responses to global warming, projecting drought 


changes in flash drought ratio for the period of 1951 to 2014. The time series 
used for detection and attribution are nonoverlapping 2-year averages (SM, 
materials and methods). Error bars indicate their corresponding 5 to 95% 
uncertainty ranges. (B) and (D) are the same as (A) and (C), except for the 
anomalies of onset speed of subseasonal droughts (%/pentad), scaling factors, and 
attributable trends (%/pentad/year) for the changes in onset speed from 1951 to 
2014. Ratio and onset speed were identified at each grid cell and then averaged over 
the globe (excluding Antarctic, Greenland, and deserts) with consideration of the 
weights of grid areas. All of the statistics were calculated during the growing seasons 
(April to September for the Northern Hemisphere and October to 

March for the Southern Hemisphere). 


changes at the regional scale is more challeng- 
ing than that at the global scale (44-46). The 
CMIP6 climate model ensemble simulations 
roughly capture the historical changes in flash 
drought ratio and subseasonal drought on- 
set speed, and 67 and 81% of the IPCC SREX 
regions show the same trends in ratio and speed 
between climate models and observations 
(Fig. 3, A and B, and fig. S16). Under a mod- 
erate emission scenario (SSP245) from 2015 
to 2100, future projections show significant 
increasing trends (P < 0.1) in the flash drought 
ratio and subseasonal drought onset speed over 
almost all IPCC SREX regions (Fig. 3, C and 
D). Under a higher emission scenario (SSP585), 
the increasing trends become stronger over 
most regions (fig. S17). The projection results 
are similar for different drought thresholds 
(figs. S18 and S19) and different sets of climate 
models (fig. S20). Although flash droughts 
would only increase across 59% of the regions, 
and slow droughts would decrease over most 
regions, onset speeds for both flash and slow 
droughts would increase over most regions 
(figs. S21 and S22). Therefore, when droughts 
do occur in the future, they are more likely to 
be rapid-onset droughts. Although there are 
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Fig. 3. Historical and future trends in flash drought ratio and onset 
speed of subseasonal droughts averaged over the IPCC SREX regions. 


B Historical trend in subseasonal drought onset speed 
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SSP245 scenario. (D) The same as (C), except for the trends (%/pentad/year) 
in regional mean subseasonal drought onset speed. Ratio and onset 


(A) Observed trends (%/year) in regional mean ratio of flash drought events 
to subseasonal drought events from 1951 to 2014 based on the mean time 
series of three global reanalyses. (B) The same as (A), except for the 

trends (%/pentad/year) in regional mean subseasonal drought onset speed. 
(C) Projected future trends (%/year) in regional mean flash drought ratio from 


speed were identified at each grid cell for each model and were then averaged 
over the IPCC SREX regions with consideration of the weights of grid areas. All 
of the statistics were calculated during the growing seasons (April to 
September for the Northern Hemisphere and October to March for the 
Southern Hemisphere). Hatching represents a significant trend with 


2015 to 2100 based on CMIP6 climate model ensemb 


uncertainties in the climate model projections, 
the results suggest that the transition to flash 
droughts is more stable and rapid in a warmer 
future, and the higher-emission scenario would 
lead to a greater risk of flash droughts with 
quicker onset, which poses a substantial chal- 
lenge for climate adaptation. 


Implications for climate adaptation 


The transition toward more frequent flash 
droughts presents challenges for unraveling 
the anthropogenic influence on compound ex- 
tremes (44), broadening our understanding 
of drought impacts (5, 37) across time scales 
and improving drought prediction capability 
(33) for timely early warning. The increasing 
drought onset speed primarily comes from 
intensifying rainfall deficit and increasing 
evapotranspiration caused by anthropogenic 
climate change (fig. S10), which dries the soil 
quickly and creates ideal conditions for heat 
waves. Because the cooccurrence of heat waves 
and droughts is increasing globally according 
to the latest IPCC Sixth Assessment Report 
(44), the anthropogenic-enhanced transition 
to flash droughts suggests the need to under- 
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e mean simulations under 


stand flash drought-heat wave interactions both 
locally and remotely under climate change. 

The transition to flash droughts may have 
irreversible impacts on terrestrial ecosystems 
(5, 37). The impacts of extreme droughts on 
vegetation productivity are expected to in- 
crease in a warming future (47-49), but the 
findings are for long-term droughts with slow 
evolution. Because flash droughts develop 
more rapidly with higher temperatures (27), 
ecosystems may not have enough time to adapt 
to the sudden onset of large water deficits and 
heat extremes, resulting in a rapid reduction 
in ecosystem productivity (37). In addition, 
possible future increases in the durations of 
flash and slow droughts (fig. S23), as well as 
the increase in total subseasonal drought 
days caused by the increase in flash drought 
days (fig. S24), also suggest exacerbated im- 
pacts on ecosystems. Assessing such exacer- 
bated impacts will comprehensively broaden 
our understanding of drought-vegetation in- 
teractions at time scales from yearly down to 
subseasonal. 

The acceleration of drought onset also raises 
substantial challenges for drought monitor- 


P < 0.1 based on the nonparametric Mann-Kendall test. 


ing and prediction (33). Effective monitoring 
of subseasonal droughts needs careful and 
objective selection of drought indices because 
various types of droughts (such as meteoro- 
logical, agricultural, and hydrological droughts) 
also have different implications at the sub- 
seasonal time scale. The temporal resolutions 
of most current monitoring approaches are 
generally too coarse to capture the onset of 
flash droughts, and more frequent updates 
with drought indices suitable for shorter time 
scales are needed (33). For predictions, current 
approaches are aimed at predicting droughts 
at seasonal to decadal time scales, depending 
on oceanic and terrestrial sources of drought 
predictability (7-10). For subseasonal drought 
prediction, the Madden-Julian Oscillation, 
Southern and Northern Annular Modes, and 
Indian Ocean Dipole may provide relevant 
sources of predictability (33, 50), but these 
large-scale signals should be connected with 
local synoptic anomalies [through Rossby 
wave train (50)] because most flash droughts 
do not have a wide spatial coverage. The link- 
age of these teleconnections with local or re- 
mote land-atmospheric coupling (10) could 
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provide a source of predictability for flash 
droughts. 

Anthropogenic climate change is driving the 
transition to flash droughts, which has a wide 
range of implications for our understanding of 
climate change and its impacts, as well as how 
we can adapt to these changes. Improved un- 
derstanding is needed for the adaptive capacity 
of natural ecosystems and human-managed 
environments that may be more susceptible to 
flash droughts and associated compound ex- 
treme events. Early warning of flash drought 
onset on time scales of a few weeks can be 
hugely beneficial for mitigating their impacts 
and managing the risk of this new normal. 
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Mechanical nonreciprocity in a uniform 


composite material 


Xiang Wang", Zhihao Li*?, Shuxu Wang’, Koki Sano‘+, Zhifang Sun’, Zhenhua Shao*, 
Asuka Takeishi**, Seishiro Matsubara®, Dai Okumura®, Nobuyuki Sakai®, Takayoshi Sasaki®, 


Takuzo Aida’, Yasuhiro Ishida’ 


Mechanical nonreciprocity, or the asymmetric transmission of mechanical quantities between two points 
in space, is crucial for developing systems that can guide, damp, and control mechanical energy. We 
report a uniform composite hydrogel that displays substantial mechanical nonreciprocity, owing to 
direction-dependent buckling of embedded nanofillers. This material exhibits an elastic modulus 

more than 60 times higher when sheared in one direction compared with the opposite direction. 
Consequently, it can transform symmetric vibrations into asymmetric ones that are applicable for mass 
transport and energy harvest. Furthermore, it exhibits an asymmetric deformation when subjected 

to local interactions, which can induce directional motion of various objects, including macroscopic 
objects and even small living creatures. This material could promote the development of nonreciprocal 
systems for practical applications such as energy conversion and biological manipulation. 


n many physical systems, the law of rec- 

iprocity ensures that signal propagation 

through the system always occurs in a 

symmetric manner. In simpler words, if 

a system responds to an input in one way, 
then it also does the same when the input is 
applied in the opposite direction. Breaking 
this symmetry induces nonreciprocity, a fea- 
ture that has been increasingly pursued over 
the past several years in various fields, includ- 
ing optics (J-4), acoustics (5-7), quantum sys- 
tems (8, 9), and mechanics (J0, 17). Systems 
that exhibit nonreciprocity to mechanical quan- 
tities have recently emerged because of their 
potential to guide, damp, and control mecha- 
nical signals and energies in ways that have not 
been imagined for reciprocal systems (12-14). 
To realize such systems, breaking of either the 
time-reversal symmetry (dynamic systems) or 
the material deformation symmetry (static sys- 
tems) is required. One simple example is the 
realization of nonreciprocal transmission of the 
displacement field through the fabrication of 
silicon rubber into a fishbone-structured meta- 
material (10). However, mechanical nonreciproc- 
ity has so far mainly been realized through the 
complicated design of active robotics (15, 16) 
or metamaterial frameworks (17, 18). Even 
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the most advanced systems still rely on the 
shaping and connection of reciprocal mate- 
rials, which limits the design freedom and 
practical applications of such systems. As an 
alternative strategy, we propose the pursuit of 
mechanical nonreciprocity in a uniform mate- 
rial as its intrinsic property. Such a material is 
expected to show nonreciprocal response in 
any condition regardless of shape and size 
and, in principle, can manipulate any objects 
with which it interacts. 

Mechanical reciprocity of common materials 
can be readily demonstrated by the following 
experiment: When a 10-mm cube of conven- 
tional polyacrylamide hydrogel was fixed at 
the bottom and sheared left and right at the 
top, with the force gradually increased to 
+0.8 N, it showed the same extent of defor- 
mation (Fig. 1A and movie S1). Through this 
deformation process, the displacement changed 
linearly with complete symmetry (Fig. LAii). 
Such symmetry is observed not only for mate- 
rials with a linear response but also for those 
with a nonlinear response (fig. S1). 

To create a uniform material that shows a 
nonreciprocal response to shear forces, some 
symmetry breaking should be introduced to 
the internal nanostructure. Inspiration can be 
gained from some of the asymmetric designs 
of metamaterial frameworks (10). These de- 
signs are too complicated to be directly used, 
sO we propose a simpler model that takes 
advantage of a phenomenon called buckling 
(19, 20). Suppose that an elastic beam, tilted 
clockwise relative to the height direction, con- 
nects a floor and ceiling (Fig. 1B, top), where 
only pivotal motion is allowed at the connec- 
tion points. The floor is unmovable, whereas 
the ceiling is horizontally slidable and retains 
its height. When the ceiling slides to the left, 
the beam experiences a compressive force and 
eventually buckles, so that it no longer effec- 


¢ 


tively restricts the sliding motion. By cont, Chec 

‘ : ; d 
when it slides to the right, the beam ex--— 
iences a tensile force and does not buckle at 
all, so that it continues restricting the slid- 
ing motion before breaking. Overall, such 
direction-dependent buckling of the tilted 
beam induces an asymmetric response of 
the entire system to shear forces. We envi- 
sioned that this mechanism would be useful 
for creating a uniform material with mecha- 
nical nonreciprocity, in which the floor and 
ceiling are replaced with an elastic matrix 
and the tilted beam is replaced with nano- 
fillers (Fig. 1B, bottom). 


Asymmetric shear response induced by 
directional-dependent buckling of 
graphene oxide 


To confirm our hypothesis, we developed a 
composite hydrogel consisting of a polyacryl- 
amide network as the matrix and graphene 
oxide (GO) nanosheets as the nanofillers, in 
which the nanosheets were unidirectionally 
oriented in a tilted manner (Fig. 1C; see fig. 
82 for material synthesis), just like the tilted 
beam in Fig. 1B. GO nanosheets were chosen 
because they easily buckle when subjected to 
in-plane compression, owing to their single- 
atom thickness (2/, 22). A plane indicator P 
is defined to help illustrate the orientation 
of the GO plane, and the angle between the 
height direction and P is designated as the 
tilt angle 6 (details in fig. S3). Figure 1D shows 
the deformation of a 10-mm cube of such a 
composite hydrogel with 6 = 45° when it was 
sheared to the right (left) with an applied 
force Fo = 0.8 N (-Fo = -0.8 N). Surprisingly, 
the hydrogel exhibited an almost 10-times 
larger displacement when it was sheared to 
the left than when it was sheared to the right 
(movie S1). The force-displacement relation- 
ship also depicted the highly asymmetric 
response of the hydrogel, which is strong 
evidence of mechanical nonreciprocity (Fig. 
1Dii). We also confirmed that the hydrogel 
showed a similar asymmetric behavior even 
when the shear force was applied at a single 
point (fig. S4). This hydrogel is referred to as 
the nonreciprocal (NR) gel, and the directions 
exhibiting larger and smaller shear deforma- 
tion are referred to as the softer and harder 
directions, respectively. 

For a more quantitative analysis of the asym- 
metric response to shear, the stress-strain rela- 
tionship of the NR gel was measured within the 
strain range of +20% (Fig. 2A). Upon changing 
the left-sided strain up to -20%, the elastic 
modulus continuously decreased, resulting in 
a sluggish change in the stress (green in Fig. 
2A). By contrast, upon changing the right-sided 
strain up to +20%, the elastic modulus was 
substantially enhanced with an increase in the 
strain, so that the strain-stress relationship ex- 
hibited a typical J-shaped curve (red in Fig. 2A). 
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Fig. 1. Design and properties of the nonreciprocal gel with an asymmetric 
response to shear forces. (A) Symmetric deformation of a 10-mm cube of the 
reciprocal gel (polyacrylamide hydrogel) in response to shear forces applied at the top 
of the gel: (i) optical images and (ii) relationship between the displacement and applied 
force. d, and dp are the left and right displacements, respectively. (B) Macroscopic 
buckling of a tilted beam connecting a fixed floor and a slidable ceiling (top) and 
microscopic buckling of a tilted nanofiller embedded in a matrix (bottom). (C) Design 
of the nonreciprocal (NR) gel, which is composed of hydrogel as a matrix and 
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unidirectionally oriented nanosheets of GO as nanofillers. The planes of the GO 
nanosheets include the y axis of the x-y-z orthonormal coordinate, where the z axis is 
parallel to gravity. The vector within the GO plane that is perpendicular to the y axis is 
designated as the plane indicator P. The angle between the z axis and P is designated 
as the tilt angle 6. For details, see fig. S3. (D) Asymmetric deformation of a 10-mm 
cube of the NR gel in response to shear forces applied at the top of the gel: (i) optical 
images and (ii) relationship between the displacement and applied force. The light 
blue arrow in (C) and (D) is the plane indicator P in the NR gel as defined in (C). 


An extremely large difference existed be- 
tween the elastic modulus at the left-shear 
strain of -20% (£,) and the elastic modulus at 
the right-shear strain of +20% (Ep); Ep and 
Ey, were estimated to be 380 and 5.7 kPa, 
respectively. 
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To confirm whether this asymmetric re- 
sponse really originates from the direction- 
dependent buckling of nanofillers (Fig. 2B), 
we monitored the changes in the alignment of 
the GO nanosheets during the shear deforma- 
tion by investigating the light transmittance of 


the NR gel along the y axis (Fig. 2C and movie 
$2). Light transmittance is an effective indi- 
cator of the GO orientation because its light- 
absorbing efficiency highly depends on the 
angle between the GO plane and light path. 
The original NR gel showed considerable light 
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Fig. 2. Direction-dependent buckling of GO nanosheets in the NR gel that 
causes the asymmetric response to shear forces. (A) Stress-strain curve of 

the NR gel within the strain range of -20 to +20%, with right defined as positive. 
(B) Schematic of the buckling of the GO nanosheets upon shear deformation. The light 
blue arrow is the plane indicator P in the NR gel. F, and Fr are the left and right 
forces, respectively. (©) Changes in the appearance of a 10-mm cube of the NR gel 
upon shear deformation (£20% strain) with irradiating unpolarized light parallel 
to the y axis (top) and the relationship between the strain and light transmittance 
(bottom). (D) Changes in the 2D SAXS image of a 1-mm-thick film of the NR gel 
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upon shear deformation with irradiating x-ray parallel to the y axis (top) and 
azimuthal angle-intensity plot of the 2D SAXS image (bottom). a.u., arbitrary units. 
(E) Cross-sectional SEM images of the NR gel fixed by the silica network at the (i) 
left-sheared, (ii) original, and (iii) right-sheared states. The top row shows GO 
nanosheets embedded in the silica network, where the edges of the GO nanosheets 
appear as bright lines that are highlighted with yellow arrows and the silica network is 
observed as a porous skeleton of ~5-nm spheres. The bottom row shows GO nanosheets 
exposing their surfaces (smooth, as highlighted by yellow arrows) at the cracks of 

the silica network (porous), which were formed during cross-sectional cutting. 
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transmittance because all of the GO nano- 
sheets exposed their edges to the light source 
(Fig. 2C, top center). Upon shearing to the 
left (softer) up to —20% strain, the light trans- 
mittance decreased by 69% (Fig. 2C, top left), 
which is indicative of the disordering of the 
GO orientation because of buckling. By con- 
trast, upon shearing to the right (harder) up to 
+20% strain, the light transmittance increased 
(Fig. 2C, top right). This was because the 
alignment degree of the GO nanosheets was 
enhanced because they experienced a tensile 
force along the same direction to which they 
were aligned (shearing-induced alignment). 
Additional proof of the direction-dependent 
buckling is the results of the small-angle x-ray 
scattering (SAXS) analysis, which is often used 
to evaluate the ordering of nanostructures. 
When an x-ray beam was passed through to 
the NR gel along the y axis, a highly aniso- 
tropic scattering pattern was observed, which 
proved the high ordering of the GO nano- 
sheets (Fig. 2D, top center) in the original NR 
gel. Upon shearing to the left (softer), the scat- 
tering pattern became isotropic (Fig. 2D, top 
left), indicating the complete disordering of 
the GO orientation. By contrast, upon shearing 
to the right (harder), the anisotropic scattering 
pattern became sharper (Fig. 2D, top right), 
which was consistent with the result of the 
light-transmittance measurement (Fig. 2C, top 
right). The transition between the ordered and 
disordered states was reversible and durable, 
as demonstrated by a cycling test of more than 
100 cycles (fig. S5). The cycling test also re- 
vealed that the stress-strain curve showed 
little hysteresis (fig. S5A), indicating that the 
NR gel was highly elastic, which is favorable 
for transferring mechanical energies in an ef- 
ficient manner. 

By using scanning electron microscopy (SEM), 
we succeeded in visualizing the buckling of 
GO nanosheets in a more direct manner. For 
SEM analysis, samples of the NR gel in the 
original, left-sheared, and right-sheared states 
were rigidified by a silica network so that the 
configuration of the GO nanosheets at each 
state was fixed (details in the supplementary 
materials). In the cross-sectional images of the 
left-sheared (softer) sample (fig. S6), all of the 
GO nanosheets were buckled with a regular 
periodicity of ~300 nm along the direction in 
which they were compressed. Such buckling 
could be more easily visualized when the nano- 
sheet surface was exposed because of cracks 
during cross-sectional cutting. By contrast, the 
SEM images of the original-state sample (fig. 
S7) and the right-sheared (harder) sample (fig. 
S8) did not show any sign of such periodic 
buckling. For a fair comparison between these 
three states, SEM images taken under similar 
magnifications and observation directions 
are summarized in Fig. 2E, which verifies that 
the buckling of the GO nanosheets is a shear 
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direction-dependent phenomenon. Such a 
direction-dependent behavior causes a large 
difference in the reinforcement ability of the 
GO nanosheets under the left and right shear, 
thus giving rise to the nonreciprocity (details 
in the supplementary text, section 2.1). 

We then investigated the influence of the 
tilt angle 0 of the GO nanosheets. Upon in- 
creasing 0 from 0° to 90°, Ep/Ey,, initially 
increased, reaching a maximum at 0 = 45% 
and then decreased (fig. S9). The structures 
at @ = 0° and 90° were symmetric, and so 
their mechanical response was also com- 
pletely symmetric (fig. S10), which verifies 
the importance of structural asymmetry for 
nonreciprocal systems. We also investigated 
the influence of the size of the GO nanosheets, 
where the larger GO nanosheets had a higher 
ER/E;, (details in fig. S11). Meanwhile, the 
influence of the concentration of GO nano- 
sheets was not monotonic. Upon increasing 
GO concentration, E/E, increased, reaching 
a maximum at 0.3 wt %, and then decreased 
(details in fig. $12). It is also worth noting that 
similar hydrogels with an asymmetric re- 
sponse to shear can also be fabricated by re- 
placing the GO nanosheets with other 2D and 
even 1D nanofillers (fig. S13) or by replacing 
polyacrylamide with other polymers (fig. S14), 
confirming the generality of our strategy. 


Guiding mechanical energies for mass 
transport and directional rotation 


Nonreciprocal mechanical systems are expected 
to guide mechanical energies in a directional 
manner. As shown in Fig. 3A, a machine- 
generated sinusoidal vibration (the input vib- 
ration) was applied to a NR gel film from the 
bottom, and the vibration at the top of the gel, 
which was pasted with a plate as loading, was 
monitored (the output vibration). When a 
symmetric vibration (0.75-mm amplitude and 
60-Hz frequency) was applied from the bot- 
tom (gray in Fig. 3Aii), a highly asymmetric 
vibration was afforded at the top (blue in Fig. 
3Aii). This conversion was enabled by the vib- 
rational shear deformation of the NR gel, 
which was highly asymmetric in terms of 
the frequency, amplitude, and peak shape 
(Fig. 3Aiii). By contrast, a reference hydrogel 
containing randomly oriented GO nanosheets, 
designated as the reciprocal gel (R gel; fig. S1), 
afforded a symmetric vibration under the same 
conditions (blue in Fig. 3Bii) because of its 
symmetric deformation (Fig. 3Biii). 

Using the asymmetric vibration generated 
above, efficient vectoral transport of objects 
was realized, as exemplified by the following 
water droplet transport experiment (23). A 
NR gel film was placed on the vibration stage 
and covered with a Teflon plate, on which a 
0.3-ul droplet of water was placed (Fig. 3Ci). 
To exclude the effects of artifacts such as 
the tilt of the stage, another gel film, with its 


harder direction opposite to the previous one, 
was also set on the same stage. When a sym- 
metric vibration was applied from the bottom, 
the water droplets started drifting unidirec- 
tionally toward the harder directions of the 
NR gel films (fig. $15 and movie S3). This uni- 
directional transport operated stably when 
the water droplets were continuously loaded 
(movie S3). The droplets could even climb 
up against gravity smoothly when the vibra- 
tion stage was vertically arranged (Fig. 3D 
and movie S4). 

As a uniform material, one advantage of our 
NR gel is its good designability—it can be fab- 
ricated into pieces of any shape or size, and 
such pieces can be assembled on demand. 
Taking advantage of this, we developed a de- 
vice by assembling six sector-shaped pieces of 
NR gels (details in fig. S16) that could convert 
vibrational noises into the rotational motion 
of a wheel loaded on the device (Fig. 3E and 
movie S5). The rotational device was quite 
stable and tolerant to external mechanical 
disturbances, and the direction was controlla- 
ble (fig. S16 and movie S5). Importantly, for 
potential application, the response of this ro- 
tational device was so robust that it could gen- 
erate a regular rotational motion from noisy 
vibrations with irregular frequencies and small 
amplitudes, including those from an oil pump 
and a wireless speaker (movie S6), implying its 
promise for use as an energy-harvesting system. 


Manipulation of objects and creatures for 
directional movement 


Apart from global deformation of the whole 
gel, another notable feature of the NR gel is its 
behavior when subjected to local deformation. 
For example, when a 2-mm-diameter metal 
cylinder laid parallel to the y axis was pushed 
vertically onto the surface of the NR gel, it 
showed a highly asymmetric deformation (Fig. 
4Aii and movie S7), in contrast to the case of 
the R gel (Fig. 4Ai). At the left (softer) side of 
the cylinder, the gel bent sharply and con- 
tacted tightly with the cylinder. By contrast, 
at the right (harder) side, the gel bent gently, 
so that the deformation propagated over a 
wider distance (Fig. 4Aii). Such deformation 
can be attributed to the fact that the buck- 
ling occurred only at the left (softer) side, as 
proven by the light-transmittance experiment 
(fig. S17). The asymmetric deformation of the 
NR gel was consistent with the theoretical 
prediction that was based on the finite ele- 
ment analysis (Fig. 4Aiii and movie S8; details 
in the supplementary text). This theoretical 
study also indicated a highly asymmetric 
distribution of elastic strains: The softer side 
showed much higher strain than the harder 
side. As a result of such asymmetric defor- 
mation, our NR gel gains the potential to 
induce the directional motion of objects with 
which it interacts. For instance, when a 
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Fig. 4. Asymmetric deformation of the NR gel upon local compression and 
its application to directional movement of various objects. (A) Side-view 
photos of the R gel with randomly oriented GO nanosheets as a control (i) 
and the NR gel (ii) upon vertical indentation of a 2-mm-diameter cylinder laid 
parallel to the y axis. A theoretical prediction of the deformation and strain 
distribution in the NR gel based on the finite element analysis is shown in (iii). 
, diameter. (B) Time-lapse photo (bottom) showing the trajectory of a 
2-mm-diameter metal ball free-dropped and bounced on the NR gel. (€) POM 
images (bottom) of the NR gel upon vertical indentation of a 50-1m-diameter 
microbead. To visualize the deformed regions, the polarizer (P) and analyzer 
(A) were set parallel and perpendicular, respectively, to the x axis. For enhancing 
optical contrast, the NR gel was prepared with titanium oxide nanosheets 
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instead of GO nanosheets. (D) Directional migration of C. elegans on the NR gel. Shown 


in (i) are POM images of a worm crawling on the surface of the NR gel, using the 
same technique as was used in the microbead indentation experiment. Net movement 
of individual worms (arrows) in the representative assay on the R gel as a control 
(ii) and on the NR gel (iii). Shown in (iv) is the mean migration index of worms placed 
on the R gel as a control and the NR gel. The migration index was calculated as 
[(run distance to right) — (run distance to left)]/(total run distance). Each dot 
represents the migration index of a biologically independent assay performed with 
at least 30 worms. The error bars indicate standard error of the mean. ***p < 0.001 
(one-sided Mann-Whitney U test). For (A), a 10-mm-thick gel slab was used. For (B) 
to (D), 2-mm-thick gel films were used. In (A) to (D), the light blue arrow is the 
plane indicator P in the NR gel. 


2-mm-diameter metal ball was free-dropped 
onto a NR gel film, it always bounced to the 
harder side (Fig. 4B and movie S9). 

Even micrometer-sized objects could also in- 
duce asymmetric deformation of the NR gel. 
To visualize such small deformations, polar- 
ized optical microscopy (POM) was used. When 
a 50-um-diameter microbead was vertically 
pushed onto the gel, the bright area that em- 


much larger than that to the left (softer) side 
(Fig. 4C), indicating a highly asymmetric defor- 
mation. We then attempted to use our NR gel 
to manipulate small living creatures. As a proof- 
of-concept example, we chose Caenorhabditis 
elegans (Fig. 4D), a type of nematode that has 
long attracted much attention as a model or- 
ganism for studying animal development and 
behavior (24, 25). Indeed, when C. elegans crawled 


erged to the right (harder) side of the ball was 
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on the NR gel, an asymmetric deformation 
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always occurred around the worm (Fig. 4Di 
and fig. S18), strongly implying that the mi- 
gration of C. elegans might be biased by the 
NR gel. 

To confirm this hypothesis, a NR gel film 
was placed on a horizontal stage, and a group 
of C. elegans containing ~30 worms was trans- 
ferred to the middle of the film; the migration 
of the worms was then monitored for 50 min 
(Fig. 4D). Consequently, all the worms migrated 
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to the right (harder) side and eventually gath- 
ered at the right end of the gel film (movie 
$10). As shown in the net movement of all the 
worms, the migration was robustly biased to 
the right (Fig. 4Diii). To exclude the effects 
of other possible stimuli such as light, odor, 
and so on, worm migration was also con- 
ducted simultaneously on two NR gels placed 
side by side with their harder directions point- 
ing opposite to each other. As expected, C. elegans 
always migrated toward the harder side of the 
NR gels (movie S10). By contrast, when the R 
gel that contained randomly oriented GO nano- 
sheets was used instead, the worm migration 
was completely random (Fig. 4Dii and movie 
$10). For a more statistical study, the worm 
migration experiment was repeated 10 times 
for the NR gel as well as five times for control, 
and the same results were observed with ex- 
cellent reproducibility (Fig. 4Div). 


Conclusions 


We have developed a uniform material that 
displays mechanical nonreciprocity and exhib- 
its asymmetric deformation to various types 
of forces. This material can induce the direc- 
tional transport of a wide range of objects, 
from macroscopic objects to small living crea- 
tures, suggesting potential applications in var- 
ious fields such as mechanics, energy, and 
biology. This material can also broaden the 
scope of current metamaterials systems and 
inspire more interesting designs that cannot 
be realized by current existing reciprocal mate- 
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rials (for example, see fig. S19). In principle, 
the present design for nonreciprocal materials 
also applies to various kinds of elastomers 
other than hydrogels. One promising candi- 
date is cross-linked liquid crystal elastomers, 
which are known to show large structural an- 
isotropy. Our material may pave the way to- 
ward practical applications of nonreciprocal 
mechanical systems and inspire the develop- 
ment of nonreciprocal materials in other phys- 
ical systems, such as optics and acoustics. 
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Direct imaging and astrometric detection of a gas 
giant planet orbiting an accelerating star 
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Direct imaging of gas giant exoplanets provides information on their atmospheres and the 
architectures of planetary systems. However, few planets have been detected in blind surveys with 
direct imaging. Using astrometry from the Gaia and Hipparcos spacecraft, we identified dynamical 
evidence for a gas giant planet around the nearby star HIP 99770. We confirmed the detection of this 
planet with direct imaging using the Subaru Coronagraphic Extreme Adaptive Optics instrument. 
The planet, HIP 99770 b, orbits 17 astronomical units from its host star, receiving an amount of light 
similar to that reaching Jupiter. Its dynamical mass is 13.9 to 16.1 Jupiter masses. The planet-to-star 
mass ratio [(7 to 8) x 1073] is similar to that of other directly imaged planets. The planet’s 
atmospheric spectrum indicates an older, less cloudy analog of the previously imaged exoplanets 
around HR 8799. 


bout 20 extrasolar gas giant planets 

have been detected with direct imaging 

by adaptive optics-assisted ground-based 

telescopes (1-8). These detections were 

made by blind (unbiased) surveys, in 
which targets were selected based on proper- 
ties of the stellar system, including age and 
distance. However, the low yields of these blind 
surveys have shown that exoplanets detectable 
with direct imaging are rare (9). 


SCExAO/CHARIS 19 May 2021 
ASDI-ALOCI 


Direct imaging provides constraints on an 
exoplanet’s atmospheric properties, including 
their effective temperature, surface gravity, 
cloudiness, and chemical composition (J0). 
However, direct imaging alone does not di- 
rectly measure a planet’s mass, which is in- 
stead inferred by using luminosity evolution 
models. These models have poor observational 
constraints and rely on often-uncertain host 
star ages (11). The typically wide orbits of 


SCExAO/CHARIS 17 October 2021 
ASDI-ALOCI 


Fig. 1. Direct images of HIP 99770 b. We show the two highest-quality data sets, using SCEXAO/CHARIS 
observations on (A) 19 May 2021 and (B) 17 October 2021. Data were processed using the adaptive, locally 
optimized combination of images (ALOCI) algorithm, combined with angular differential imaging (ADI) and 
spectral differential imaging SDI (ASDI) to remove the light of the host star (32-34). The star symbol 
indicates the host star's location. HIP 99770 b is within the white circle. The white arrow in (B) indicates the 
direction of the planet's orbital motion. The color intensity scalings are linear with a minimum of zero and 
maximum scaled to the mean signal within the core of the point spread function. 


Currie et al., Science 380, 198-203 (2023) 14 April 2023 


( 


directly imaged exoplanets, and short ten Chec 
ral coverage of their astrometry (precise _~ 
sitions and proper motions across the sky), 
provide poor constraints on orbital parame- 
ters derived from direct imaging data alone 
(12). The low number of direct imaging de- 
tections, and their poor mass and orbital 
constraints, impede our understanding of gas 
giant (jovian) exoplanet atmospheres and the 
architectures of their planetary systems. 
Using an indirect detection method to guide 
direct imaging searches could, in principle, 
improve discovery yields and provide better 
constraints on the atmospheres, orbits, and 
masses of jovian exoplanets. A few previous 
surveys have adopted this approach, using 
long-term radial-velocity (RV) trends to select 
direct imaging targets. They resulted in direct 
imaging detections of stellar companions and 
intermediate- to high-mass brown dwarfs, 
but not planets (73) (supplementary text). An 
alternative approach is to use stars’ astrom- 
etry to identify which stars are undergoing a 
proper motion acceleration, potentially caused 
by an undetected planetary-mass companion. 
Astrometric data can identify evidence for 
planetary-mass companions around young 
stars, which are unsuitable for precise RV 
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Fig. 2. Astrometric analysis of HIP 99770 b. (A) A corner plot showing 
the posterior probability distributions (gray shading) for each orbital 
parameter, the mass of HIP 99770 b, and the mass of the host star. Contours 
istograms above each 
column indicate the marginalized probability distributions for single 


indicate the lo, 20, and 3o levels of uncertainty. H 


measurements but are the most likely to 
host self-luminous gas giant planets (14). Com- 
bining the imaged planet’s relative astrometry 
(measured with respect to the host star) with 
the host star’s absolute astrometry can directly 
constrain planet masses and orbital properties 
(14). The astrometric precision of the Gaia 
mission, combined with measurements from 
the Hipparcos mission taken 25 years earlier, 
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Msec (Mjup) 


HIP 99770 b's mass. 


is sufficient to detect jovian planets orbiting 
nearby stars at separations similar to that of 
Jupiter or Neptune in the Solar System. 


Astrometry of HIP 99770 


HIP 99770 (also cataloged as HD 192640 or 
29 Cygni) is a chemically peculiar star of spectral 
type A, located at a distance of d ~ 40.74 parsecs 


(pc) from the Sun. It has an effective tempera- 
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it”) 


parameters, with vertical lines indicating the best-fitting values and 

lo uncertainties. (B) The best-fitting orbit (black), with circles indicating the 
predicted locations at labeled epochs. Also shown are 100 other orbits 
randomly drawn from the posterior probability distributions, color-coded by 


ture of ~8000 K, a luminosity of ~13.9 times the 
luminosity of the Sun (Zo), and a mass of 1.7 
to 2.0 times the mass of the Sun (VW) (15) (full 
stellar properties and references are listed in 
table S1). Different analysis methods—including 
kinematics, Hertzsprung-Russell diagram posi- 
tions, and asteroseismology using the Tran- 
siting Exoplanet Space Satellite (TESS)—have 
assigned ages of either ~40 million years (Myr) 
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Fig. 3. Atmospheric characterization of HIP 99770 b. (A) The spectrum of HIP 99770 b (black) compared 
to spectra of HR 8799 d (green) (35, 36) and the L9.5 field dwarf SIMPJO956-1447 (blue) (27), all 
normalized to HIP 99770 b's spectrum at 2.1 um. Horizontal bars indicate the wavelength ranges for 
absorption due to H20 and CO. (B) HIP 99770 b's spectrum (black line) and L, photometry (black diamond) 
compared to atmospheric models from the BT-Settl (magenta) and Lacy/Burrows (green) grids (y¢ = 1.345 
and 1.397, respectively) (30). Colored lines are model predicted spectra; plus signs are model predicted 
photometry. The best-fitting radii and implied masses are 0.92 Ry, 3.3 Mjup, and 1.05 Rj, 13.5 Mjup, 
respectively. Both models include clouds and atmospheric dust. The Lacy/Burrows models include 
nonequilibrium carbon chemistry and opacities. The best-fitting Lacy/Burrows model is designated AEE100, 
which has intermediate cloudiness and a modal size of cloud particles of 100 um (15, 29, 37, 38). Both panels 


are in flux density units of milli-jansky (mJy). All erro 


or 115 to 414 Myr to HIP 99770. Data from the 
Wide-field Infrared Survey Explorer (WISE), 
Spitzer Space Telescope, and Herschel Space 
Observatory show that the star is surrounded 
by a cold debris disk detected at far-infrared 
(far-IR) wavelengths extending to >150 astro- 
nomical units (au) (15). 

As part of a joint astrometry and direct 
imaging search for young exoplanets, we 
investigated evidence that HIP 99770 shows 
an astrometric acceleration due to an unseen 
companion, in the form of a deviation from 
linear motion across the sky. We used astrom- 
etry from the Hipparcos-Gaia Catalogue of 
Accelerations (HGCA) (16), a cross-calibration 
of the Hipparcos and Gaia missions. HIP 
99770’s average proper motion between the 
Hipparcos and Gaia missions differs from 
the proper motion measured around 2016 in 
both Gaia Data Release 2 (Gaia DR2) and Gaia 
Early Data Release 3 (Gaia eDR3) reductions 
(17). The HGCA using Gaia EDR3 data found a 
high x? ~ 7.23 for a constant linear motion 
model, indicating a statistically significant ac- 
celeration (~2.21 Gaussian sigma) at >97.31% 
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bars indicate 1o uncertainties. 


confidence, equivalent to a false positive rate of 
<2.69%. The earlier DR2-based version of 
HGCA also found a similarly significant ac- 
celeration (7? ~ 9.80). Other catalogs adopt- 
ing independent analyses of Hipparcos and 
Gaia-eDR3 data also list HIP 99770 as having a 
statistically significant astrometric acceleration 
(18). The astrometric acceleration due to a sec- 
ondary companion (which we designate with the 
subscript sec) depends on its mass M and proj- 
ected separation R, in the form of a lower limit 
ON Mgec/ Roe: For HIP 99770, this ratio is con- 
sistent with an object with ~11 Jupiter masses 
(Mjup) located at a fiducial separation of 0."5 
(=20 au), which is potentially detectable using 
direct imaging. Previous high-contrast imaging 
observations of this star using the Gemini Ob- 
servatory have ruled out a stellar or substellar 
companion at wider separations (>1") (75). 


Direct imaging observations of HIP 99770 


Motivated by this evidence of an astrometric 
acceleration, we observed HIP 99770 with the 
Subaru Coronagraphic Extreme Adaptive 
Optics (SCExAO) instrument, coupled to the 
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Coronagraphic High-Resolution Imager and 
Spectrograph (CHARIS) (19, 20) on the 8.2-m 
Subaru telescope. We used the low-resolution 
(broadband) mode, which provides 22 spectral 
channels covering the atmospheric near-IR win- 
dows simultaneously (wavelengths 2 = 1.16 to 
2.37 um). We performed two shallow observing 
sequences in July and September 2020 and 
three deeper follow-up SCExAO/CHARIS ob- 
servations between May and October 2021. We 
also obtained one complementary data set in 
the thermal IR (using the L, filter centered on 
i = 3."78 um) using the Near Infra Red Camera 
2 (NIRC2) instrument on the 10-m Keck II 
telescope. 

The SCExAO/CHARIS images show a faint 
point source, which we designate HIP 99770 b, 
located at an angular separation p ~ 0.43 to 
0.44 southeast of the host star (Fig. 1). In the 
highest-quality data, obtained by using point- 
spread function (PSF) subtraction methods to 
remove light from the star (15), HIP 99770 b is 
visible across the entire spectral range of the 
instrument. Every CHARIS data set detects 
the object (fig. S4), providing astrometry at 
epochs spanning 15 months (table S3). We 
also detect HIP 99770 b in the Keck-NIRC2 
thermal IR data (fig. S4C). 

We used the direct imaging astrometry to 
reject the possibility that HIP 99770 b is a 
stationary background object at the >15o level 
(15). Between our first epoch (29 July 2020) 
and fourth epoch (13 July 2021), a background 
star would appear to move by ~65 milli- 
arcseconds (mas) to both the west and south 
(table $2), owing to the star’s proper motion. 
HIP 99770 b instead moved 23 + 6 mas to the 
east and 29 + 6 mas to the north—in the direc- 
tion opposite to that expected for a stationary 
background star. To masquerade as an orbit- 
ing companion, a distant background object 
would require an even higher proper motion 
than HIP 99770 A. We reject the possibility 
that HIP 99770 b is anonzero proper motion 
background star at the >5.7o level from as- 
trometry alone and at a >7.40 level from as- 
trometry and the planet’s spectral features 
considered jointly (15). 


Planet orbit and mass 


To determine HIP 99770 b’s orbital properties 
and mass, we simultaneously fit a model to its 
relative astrometry (from the imaging data) and 
the host star’s proper motions and astrometric 
acceleration [from the Gaia and Hipparcos data 
(16)] using ORVARA, a Markov Chain Monte 
Carlo (MCMC) code (6, 21). We used parallel 
tempering MCMC, in which progressively hot- 
ter chains are more accepting of poor fits to 
the data, enabling them to effectively explore 
multimodal posterior probability distributions 
(22). The coldest chain, the one that is least 
accepting of poor fits, is used for statistical in- 
ference. We used chains with 20 temperatures, 
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each with 100 walkers taking 150,000 steps, to 
map the joint posterior probability distribu- 
tion of the orbital parameters. We saved every 
50th step and used only the second half of the 
coldest chain to obtain our probability distribu- 
tions; the resulting distributions are then inde- 
pendent of how we initialized the chains. For 
our baseline model, we conservatively adopted 
a uniform prior on the companion mass, M,, 
because this prior tends to yield higher com- 
panion masses than the alternative log-normal 
prior (1/M,). For the host star mass, we adopted 
a Gaussian prior of 1.8 + 0.2 Mo. For all other 
parameters, we adopted standard uninforma- 
tive priors (23). Adopting a 1/M, companion 
prior or changing the prior for the primary 
mass resulted in a lower companion mass but 
otherwise had little effect on our results (15). 

The posterior probability distributions out- 
put by ORVARA for HIP 99770 b constrain the 
orbital parameters (Fig. 2). For our baseline 
model, we derive a semimajor axis of 16.9134 au, 
similiar to that for the orbit of HR 8799 e, a 
gas giant planet previously detected with di- 
rect imaging (1). HIP 99770 b’s orbital eccen- 
tricity (e = 0.251348) is more consistent with 
values for directly imaged planets than for 
brown dwarfs (72). The model estimate of the 
host star mass is 1.85 + 0.1 Mo. 

The dynamical mass of HIP 99770 b in the 


baseline model is 16.1°?}Myup, 80 the planet- 
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to-star mass ratio is g = (8.4453) x 10-°. 
Adopting a 1/M, prior on the companion 
mass, instead of a uniform prior, yields a lower 
mass of 13.9*$1Myup [So g = (7.3437) x 10-9]. 
HIP 99770 b’s mass is lower than the empir- 
ical mass separation between massive planets 
and low-mass brown dwarfs (supplementary 
text). HIP 99770 b’s mass ratio is similar to 
those of some directly imaged exoplanets, 
including HR 8799 e (q = 6 x10~*) and TYC 
8998-760-1 b (q = 0.01 to 0.015), but is much 
lower than mass ratios measured for the brown 
dwarfs GJ 758 B and HD 33632 Ab (both g > 
0.04) (23-25). 


Planet atmospheric properties 


We compare HIP 99770 b’s CHARIS spectrum 
(data S1) to theoretical spectral templates (26) 
and the empirical Montreal Spectral Library 
(27) to estimate its spectral type and effective 
temperature. HIP 99770 b lies at the boundary 
between cloudy, methane-poor L-type substel- 
lar objects and (nearly) cloud-free, T-type 
objects showing methane absorption (the L/T 
transition). Among the spectral templates, 
the L7 template best matches the observed 
spectrum. In the spectral library, the closest 
match to HIP 99770 b is the L9.5 field brown 
dwarf SIMP J0956081-144706 (hereafter 
SIMPJ0956-1447). We therefore assign HIP 
99770 b a spectral type of L7 to L9.5, corre- 
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sponding to an effective temperature Ty ~ 1300 
to 1500 K (28). 

HIP 99770 b’s atmospheric spectrum ap- 
pears to be intermediate between those of 
SIMPJ0956-1447 and the directly imaged, 
extremely cloudy L/T transition exoplanet 
HR 8799 d (Fig. 3A). Thick clouds in the 
atmospheres of L/T transition objects are 
expected to produce a planetary photosphere— 
the location where the optical depth t is ~1— 
which is more uniform with wavelength, 
resulting in a spectrum that is flatter, more 
blackbody-like, and redder [from J band 
(1.25 um) to H band (1.65 um) to K band 
(2.16 um)] than for an object with thinner 
clouds (29). HIP 99770 b’s spectrum is flatter 
and slightly redder than that of SIMPJ0956-1447. 
However, it is more peaked than HR 8799 d’s 
spectrum at J and H by a factors of ~2 and 
~1.5, and has a bluer J-K color, suggesting a 
cloud thickness intermediate between those 
of SIMPJ0956-1447 and HR 8799 d. At 2.2 to 
2.4 um, HR 8799 d lacks CO absorption owing 
to nonequilibrium atmospheric chemistry (0). 
As HIP 99770 b’s spectrum is less luminous at 
those wavelengths, the planet’s atmosphere is 
likely closer to being in chemical equilibrium. 

We compared the spectrum and photome- 
try of HIP 99770 b to two grids of atmospheric 
models, spanning a range of temperatures and 
surface gravities: the Lacy/Burrows grid (data 
$2) and the BT-Settl grid (15, 29, 30). These 
models adopt different prescriptions for clouds 
and atmospheric dust. We find that the atmo- 
spheric models require the presence of clouds 
to match HIP 99770 b’s spectrum. The best- 
fitting models from the Lacy/Burrows grid are 
less cloudy and less dusty than for the HR 8799 
planets (29). The best-fitting models have a 
surface gravity of log(g/cm s-”) = 4: to 4.5 and 
temperatures of 1300 to 1600 K, with a 
preference for Tz = 1300 to 1400 K (Fig. 3B) 
(75). Considering all models, the 20 confi- 
dence intervals span log(g/cm s~) = 4: to 5 and 
temperatures of 1250 to 1600 K. The best- 
fitting luminosity of HIP 99770 b is log(Z/L.e) = 
—4.53 + 0.02, corresponding to a star-to-planet 
luminosity ratio of 2 x 10°. Masses inferred 
from luminosity evolution models are con- 
sistent with the planet’s dynamical mass if the 
planet is ~80 to 200 Myr old (15). 


Comparisons to other systems 


We compare the architecture of the HIP 99770 
system to that of the Solar System. HIP 99770 
b orbits at ~16.9 au, intermediate between the 
distances of Saturn and Uranus from the Sun. 
The system’s cold debris disk is likely >150 au 
from the star, about 3.5 times the typical dis- 
tance from the Sun to Kuiper belt objects. 
However, the 1.85 Mo star HIP 99770 is more 
luminous than the Sun. Therefore, the amount of 
light that HIP 99770 b receives (its insolation) 
is similar to that at ~4.5 au in the Solar System, 
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just interior to the orbit of Jupiter. Likewise, 
HIP 99770’s debris disk, if located at 150 au, 
lies at a luminosity-scaled distance similar to 
that of the Kuiper belt from the Sun. Thus, like 
the HR 8799 system (J), the outer regions of 
the HIP 99770 system bear some character- 
istics of a scaled-up version of the outer Solar 
System, albeit with a single, far more massive 
planet. 

The mass ratios (q) and orbital separations 
(ap) of substellar companions provide a coarse 
diagnostic of formation processes: The com- 
panion mass function for substellar objects 
reaches a local minimum at q ~ 0.025, with 
smaller g values mostly being planets formed 
in a disk, whereas larger values are mostly 
brown dwarf companions formed by molec- 
ular cloud fragmentation (37). HIP 99770 b’s 
mass ratio and separation (¢ ~ 0.0084, ap ~ 
16.9 au) are more consistent with those for 
planets below the deuterium-burning limit, 
detected by both direct imaging and RV (Fig. 4). 
This is similar to some RV-detected compa- 
nions orbiting stars more massive than the 
Sun, which also have masses around (or 
slightly above) the deuterium-burning limit 
of ~13 to 14.Mj,p. The deuterium-burning limit 
itself does not distinguish between planets 
and brown dwarfs: HIP 99770 b’s mass is 
more consistent with those of other directly 
imaged planets than brown dwarfs (15) (sup- 
plementary text). 

HIP 99770 b is an extrasolar planet jointly 
detected and characterized by using direct 
imaging and astrometry. HIP 99770 b joins B 
Pic b and HR 8799 e as directly imaged planets 
with measured atmospheric spectra and well- 
constrained dynamical masses (supplemen- 
tary text). 
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Engineered skin bacteria induce antitumor T cell 
responses against melanoma 


Y. Erin Chen'4, Djenet Bousbaine’*", Alessandra Veinbachs'2", Katayoon Atabakhsh' 2, 
Alex Dimas!, Victor K. Yub, Aishan Zhao’, Nora J. Enright’2?, Kazuki Nagashima’?, 


Yasmine Belkaid®°, Michael A. Fischbach?2>7* 


Certain bacterial colonists induce a highly specific T cell response. A hallmark of this encounter is that 
adaptive immunity develops preemptively, in the absence of an infection. However, the functional 
properties of colonist-induced T cells are not well defined, limiting our ability to understand 
anticommensal immunity and harness it therapeutically. We addressed both challenges by engineering 
the skin bacterium Staphylococcus epidermidis to express tumor antigens anchored to secreted or 
cell-surface proteins. Upon colonization, engineered S. epidermidis elicits tumor-specific T cells that 
circulate, infiltrate local and metastatic lesions, and exert cytotoxic activity. Thus, the immune 
response to a skin colonist can promote cellular immunity at a distal site and can be redirected against 
a target of therapeutic interest by expressing a target-derived antigen in a commensal. 


ertain members of the commensal micro- 

biota elicit a potent T cell response upon 

colonization (J-10). This immune pro- 

gram has three defining features. First, 

the subtype of T cell elicited is deter- 
mined by the bacterial colonist and its tissue 
context. For example, the gut commensal seg- 
mented filamentous bacterium induces T helper 
17 (TyI17) cells (2), specific Clostridium species 
induce regulatory T cells (17), and certain strains 
of the skin colonist Staphylococcus epidermidis 
induce CD8* T cells (2). Second, colonist-induced 
T cells express a T cell receptor (TCR) specific 
for the bacterial inducer (J, 8, 9, 12). This is a 
degree of specificity normally associated with 
an immune response to an infecting pathogen. 
Third, this process takes place across an intact, 
uninflamed epithelial barrier (7-3). Thus, phys- 
iologic colonization leads to adaptive immunity 
in the absence of an infection. 

This work sought to answer two fundamen- 
tal questions, one basic and one applied. First, 
we sought to understand the host’s “goal” in 
responding to colonists by probing the func- 
tional properties of colonist-induced T cells. 
The CD8* T cells elicited by S. epidermidis 
are known to promote skin homeostasis and 
accelerate wound closure (12, 13), which are 
unusual functions for a CD8* T cell. Are these 
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colonist-induced immune cells capable of carry- 
ing out core functions of cellular immunity 
(migration and antigen-specific cytotoxicity) 
that are important for preventing sepsis and 
opportunistic infections? 

Second, antigen-specific immune responses 
are of keen interest to researchers in oncology 
(14), infectious disease (15, 16), and autoimmu- 
nity (17). Commensals induce antigen-specific 
T cells simply by colonizing, a process that is 
durable, safe, and avoids the undesirable side 
effects commonly associated with immune stim- 
ulation (3). Can anticommensal immunity, par- 
ticularly its antigen specificity, be harnessed 
therapeutically by redirecting it against a tar- 
get of interest? 

We reasoned that both questions could be 
addressed by the same approach (Fig. 1A). By 
expressing tumor antigens in S. epidermidis, 
we could elicit T cells that were licensed by 
the commensal immune program but specific 
for a tumor. In so doing, we could probe whe- 
ther these T cells were capable of leaving the 
colonized tissue, infiltrating a tumor, and en- 
gaging in cytotoxic activity. 

Here, we show that strains of S. epidermidis 
engineered to express model antigens and tumor- 
derived neoantigens elicit tumor-specific CD4* 
and CD8* T cells upon colonization. These im- 
mune cells migrate to distal skin sites and the 
lungs and exhibit potent antitumor activity. 
S. epidermidis must be alive to elicit a response, 
suggesting that this program requires active 
colonization. Colonist-induced T cells syner- 
gize potently with immune checkpoint block- 
ade. Aggressive B16-F10 melanomas are often 
rejected even when treatment is initiated after 
they are established. Thus, a commensal- 
directed immune program can function out- 
side of tissue homeostasis, and engineered 
colonists are a simple but powerful means of 
generating antigen-specific T cells against a 
target of interest. 


¢ 


Chec 


Engineering antigen expression ies 


into S. epidermidis 
We chose to focus on S. epidermidis NIHLM087, 
an isolate from healthy human skin that elicits 
antigen-specific CD4* and CD8* T cells in mice 
and nonhuman primates (2, 3, 12). It does so 
in the context of physiologic skin colonization. 
There is no infection, the skin barrier is not 
breached, and there are no inflammatory pro- 
cesses (2, 3, 13, 18). 

Even though S. epidermidis is a ubiquitous 
human colonist, genetic manipulation of pri- 
mary human isolates such as NIHLM087 is 
challenging because S. epidermidis has stringent 
restriction systems and phage-transduction 
susceptibility that differ substantially among 
strains (9-22), and as with other Gram-positive 
bacteria, electroporation is an inefficient means 
of introducing DNA (23). We developed a ge- 
netic system for S. epidermidis, which includes 
a previously described method of passaging 
plasmids through Escherichia coli DC1OB (Adem) 
and also incorporates heat shock and growth 
in hyperosmolar sorbitol (24) (Fig. 1B). This 
system enabled us to construct mutations in 
13 of the 17 S. epidermidis strains that we 
tested, including primary human isolates from 
diverse phylogenetic groups (Fig. 1C). 

We next sought to engineer S. epidermidis 
NIHLMO087 (hereafter, S. epidermidis) to ex- 
press non-native antigens. Notably, the process 
that determines which S. epidermidis anti- 
gens are selected for presentation from among 
thousands of distinct proteins in the bacterial 
cell has not been studied, so it was unclear 
whether a non-native peptide could compete 
against native S. epidermidis antigens for CD8* 
T cell recognition. 

Our strategy accounted for this element of 
uncertainty (Fig. 1D). We began with oval- 
bumin (OVA) as a model antigen because it 
harbors well-characterized antigenic peptides 
that are recognized by OVA-specific CD8* or 
CD4* T cells (OT-I or OT-II, respectively). We 
were unsure whether a non-native antigen could 
be expressed in an undomesticated human 
isolate at a high enough level to be presented 
on the surface of an antigen-presenting cell, 
or whether the subcellular localization of the 
antigen in S. epidermidis would affect its pro- 
cessing and presentation. We therefore gen- 
erated three sets of strains in which the nature 
of the antigen and its localization were varied. 
One strain for cytoplasmic expression con- 
sisted solely of full-length OVA (cOVA). An- 
other three strains were designed for antigen 
displayed on the cell wall in which OVA, OT-I, 
or OT-II was spliced between the N-terminal 
sortase signal peptide and a C-terminal cell 
wall-spanning region from S. aureus pro- 
tein A (25). This approach yielded S. epi-wOVA, 
S. epi-wOT-l, and S. epi-wOT-II, respectively 
(“w” denotes “wall-attached.”). Three more 
strains were generated for antigen secretion, 
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Fig. 1. Engineering S. epidermidis to express non-native antigens. (A) Experi- 
mental approach. By colonizing mice with an engineered strain of S. epidermidis that 
expresses a tumor antigen, we elicit T cells in vivo that are licensed by the 
commensal immune program but specific for a tumor. These T cells can then be 
subjected to functional assays in vivo, such as tumor killing. (B) Schematic of the 
genetic system that we developed for S. epidermidis. Advances include improved 
preparation of DNA and competent cells (materials and methods). Staphylococcus 
is subjected to heat shock before (Method #1) or after (Method #2) electroporation 
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with the plasmid. (©) Phylogenetic tree of S. epidermidis and S. aureus strains. 
Circles indicate the strains for which our transformation method was successful 
(green) or unsuccessful (magenta). Strains in bold were not previously published as 
genetically tractable. (D) Design of the ovalbumin (OVA)-derived constructs 
expressed in S. epidermidis and their predicted localization. OVA is expressed either 
as a full-length protein (OVA), a class | major histocompatibility complex (MHC)- 
restricted antigenic peptide (OT-I, “1’), or a class Il MHC-restricted antigenic peptide 
(OT-Il, “2”). RBS, ribosome binding site; Ppen, promoter; bp, base pair. 
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Fig. 2. Engineered S. epidermidis strains slow tumor progression and stimulate H2-K°-SIINFEKL tetramer staining or IFN-y* ELISpot assay at day 14. Tetramer 


antigen-specific T cells in vivo. (A) Experimental schematic. Mice are naive or 
colonized with live or heat-killed (HK; 95°C for 30 min) S. epidermidis strains 
(shown in box; OT-l, “1”; OT-Il, “2") on days -6 to +1. When HK is used, mice 
are associated twice weekly throughout the entire experiment. On day 0, B16-FO-OVA 
melanoma cells are injected subcutaneously into the flank. Tissues are collected 
for analysis on days 14 or 21. (B) (Left) Day 19 blinded caliper measurements 
of subcutaneous B16-FO-OVA tumors (n = 5 to 10 mice per group). (Middle) 
Day 21 masses of dissected tumors (n = 24 to 28 mice per group). (Right) Blinded 
caliper measurements of tumors over time (n = 16 mice per group). (C) (Left) 
Blinded caliper measurements over time and (right) masses of subcutaneous 
B16-FO-OVA tumors on day 21 from mice associated with live or HK strains (gray 
dots). (D) Frequency of OT-I-specific T cells in the indicated organs as measured by 
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staining is gated on live CD90.2*TCRB*CD8p* cells. (E) Endpoint caliper measure- 

ments of tumors from S. epidermidis—associated mice treated or not with anti-CD8a 
(2.43) or anti-TCRB (H57-597) neutralizing antibodies (dark blue dots) (n = 4 

to 9 mice per group). (F) Masses of subcutaneous B16-FO-OVA tumors on day 21 


from mice co! 
(n = 8 to 10 
testing was u 


jonized with S. epidermidis harboring control or various OVA constructs 
mice per group). For tumor burden bar graphs, nonparametric 
sed to generate P values (Mann-Whitney U test for two groups and 


Kruskal-Wallis H test for more than two groups). For flow cytometry data, parametric 


testing was u 
way analysis 
testing was u 


and right, (E), 


sed (unpaired Student's t test). For tumor-growth time courses, two- 
of variance (ANOVA, mixed-effects model) with multiple comparison 
ised. All experiments show unilateral tumors pooled from two [(B), left 
and (F)] or three [(B), middle] independent experiments. 
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Fig. 3. Engineered S. epidermidis strains slow the progression of meta- The neoantigen sequence (red box) encodes peptides centered around 
static tumors. (A) Study design. Mice associated with S. epidermidis strains Obsl1(T1764M) for the wall-attached construct (wB16Ag) or Ints11(D314N) for 
are injected intravenously (day 0) with B16-F10-OVA melanoma cells that the secreted construct (SB16Ag). (C) Average measurement of tumor 
constitutively express luciferase (OT-I, “1"). (B) Schematic of neoantigen expression bioluminescence over time (n = 20 mice per group, two experiments pooled). 
constructs and their predicted subcellular localization within S. epidermidis. (D) Treatment of metastatic B16-F10-OVA melanoma with association of 
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S. epi-OVApep. (Left) Tumor burden over time as quantified by bioluminescence 
imaging. (Middle) Frequency of OT-I-specific T cells in the spleen at days 14 
and 21 by H2-K°-SIINFEKL tetramer staining. Cells are gated on live CD90.2* 
TCRB* CD8p* cells. (Right) Frequency of tetramer* CD8* T cells versus tumor 
radiance. (E) Memory cell phenotypes of tetramer* CD8* T cells in the spleens 
of control or treated mice with metastatic melanoma. SCM, stem cell-like 


in which OT-I or OT-II was spliced into the 
secreted protein FepB (Tat pathway) (26, 27) 
at the predicted signal sequence cleavage site 
or full-length OVA was fused to the N-terminal 
signal sequence (S. epi-sOT-I, S. epi-sOT-II, and 
S. epi-sOVA; “s” denotes “secreted.”). We veri- 
fied the production and localization of the 
OVA constructs by immunoblot and electron 
microscopy (fig. S1). Although S. epidermidis 
has no described Tat secretion system, the Tat 
signal peptide enabled efficient production 
and secretion of OVA. 


Engineered strains of S. epidermidis 
stimulate antigen-specific T cells in vitro 
and in vivo 


The engineered strains of S. epidermidis could 
stimulate antigen-specific T cells in vitro (fig. 
$2), so we tested whether they could prime 
T cells in vivo (fig. S3). Wild-type (WT) specific 
pathogen-free (SPF) C57BL/6 mice were topi- 
cally colonized with S. epi-wOT-I or S. epi-sOT-II 
followed by the adoptive transfer of OT-I or OT-II 
cells. OT-I- or OT-II-expressing S. epidermidis 
could prime OVA-specific CD8* or CD4* T cells, 
respectively, without any barrier breach or 
skin inflammation (fig. S3A). Thus, under 
physiologic conditions of colonization, engi- 
neered S. epidermidis strains stimulate T cells 
specific for non-native epitopes. 


S. epidermidis-OVA-induced T cells 
slow the progression of subcutaneous 
melanoma 


We next sought to determine whether coloni- 
zation with engineered S. epidermidis could 
elicit OVA-specific T cells from the native poly- 
clonal repertoire, and if so, whether they would 
be functionally equipped to exert antitumor 
activity. 

WT SPF C57BL/6 mice were injected subcuta- 
neously with B16-FO-OVA, a C57BL/6-derived 
melanoma cell line that expresses ovalbumin. 
Mice were either unassociated (naive) or gently 
swabbed with live S. epidermidis (Fig. 2A). 
Control mice were associated with a strain of 
S. epidermidis engineered to express an un- 
related protein (S. epi-control). Treated mice 
were associated with a combination of S. epi- 
wOT-I and S. epi-sOVA (hereafter, “S. epi-OVA”) 
or a combination of S. epi-wOT-I and S. epi- 
sOT-II (hereafter, “S. epi-OVApep”) to elicit 
OVA-specific CD8* and CD4"* T cells (fig. S3) 
because both T cell populations are required 
for optimal control of B16 melanoma (28). 


Chen et al., Science 380, 203-210 (2023) 


14: April 2023 


S. epi-OVA or S. epi-OVApep colonization 
markedly reduced tumor growth (Fig. 2B). 
S. epi-control colonization did not reduce tumor 
growth as compared with the absence of coloni- 
zation (Fig. 2B). Thus, the antitumor effect is 
not due to an increased number of S. epidermis- 
specific CD8* T cells or a change in im- 
mune tone. This effect instead appears to be 
mediated by OVA-specific T cells because 
S. epidermidis exerts antitumor activity only 
when OVA is present. 

Heat-killing S. epi-OVApep abolished the anti- 
tumor response (Fig. 2C), consistent with the 
observation that heat-killed S. epi-wOT-I failed 
to prime OT-I T cells in vivo (fig. S3B). Thus, 
the engineered bacterial colonist is not sim- 
ply a source of antigen and adjuvant. Rather, 
bacterial viability, occupancy of specialized 
niches, and (potentially) prolonged antigen ex- 
posure may be required for the immune stim- 
ulatory response, even though no infection is 
mounted. 

Next, we asked whether the antitumor effect 
was mediated by the OVA-specific T cells elicited 
by engineered S. epidermidis. First, compared 
with S. epi-control colonization, colonization 
with S. epi-OVApep caused increased infiltra- 
tion of OVA-specific CD8* T cells into the tu- 
mor and an increase in OVA-specific interferon-y 
(IFN-y)* CD8* and CD4* T cells in the spleen 
(Fig. 2D and fig. S4A). The skin of tumor-bearing 
mice contained very limited numbers of OVA- 
specific CD8* T cells, which were biased toward 
the production of IFN-y over interleukin-17A 
(fig. S4, B to D). Furthermore, there was no 
evidence of skin or systemic inflammation, in 
contrast to immunization with OVA-CFA (figs. 
S5 and S6). Thus, OVA-specific T cells elicited 
by S. epidermidis can migrate to and infiltrate 
a tumor without skin or systemic toxicity. 

Second, we depleted CD8* T cells or all of 
T cells in tumor-bearing, S. epi-OVA-colonized 
mice. In both cases, the therapeutic effect of 
S. epi-OVA colonization was eliminated (Fig. 
2E and fig. S4F). When mice were associated 
with either S. epi-wOT-I or S. epi-sOT-II rather 
than the combination of both, tumor weights 
were not significantly reduced, suggesting that 
OVA-specific CD4* and CD8* T cells were both 
required. When the subcellular localization of 
OT-I and OT-II in S. epidermidis was swapped 
by colonizing with S. epi-wOT-II plus S. epi-sOT-I, 
the antitumor effect was also lost, even though 
these strains are respectively capable of prim- 
ing CD4* OT-II and CD8s* OT-I cells (Fig. 2F 


memory; CM, central memory; EM, effector memory. For tumor burden bar 
graphs, nonparametric testing was used to generate P values (Mann-Whitney 

U test for two groups and Kruskal-Wallis H test for more than two groups). For 
flow cytometry data, parametric testing was used (unpaired Student's t test). 
For tumor growth time courses, two-way ANOVA (mixed-effects model) with 
multiple comparison testing was used. 


and fig. S3B). Thus, the minimal requirements 
for antitumor efficacy are a wall-attached 
CDs* antigen and a CD4" antigen. Furthermore, 
in vivo priming of OVA-specific T cells does not 
completely predict their functional outcome. 
More broadly, our findings are consistent with 
a model in which S. epidermidis-induced T cells 
enter circulation, infiltrate the tumor, and are 
required for antitumor activity. 


S. epidermidis—induced T cells are 
active in tissues distinct from the site 
of colonization 


S. epi-OVA-induced T cells can limit subcuta- 
neous tumor growth. Even though S. epidermidis 
is a skin colonist, we wondered whether S. 
epidermidis—induced T cells could traffic into 
other tissues. We reasoned that translocation 
of microbial colonists across barrier tissues can 
cause life-threatening sepsis, so one of the cen- 
tral goals of barrier immunity may be to limit 
systemic microbial dissemination. 

To address this question, we used B16-F10, a 
more aggressive variant of B16, in a model of 
metastatic melanoma. Luciferase-expressing 
B16-F10-OVA cells were injected intravenous- 
ly, resulting in lung metastases, which were 
quantified with in vivo luminescence imaging 
(Fig. 3A and fig. S7A). Topical colonization 
with S. epi-OVA before intravenous tumor cell 
injection slowed tumor progression substantial- 
ly, and in some cases, promoted tumor rejec- 
tion or near-rejection (Fig. 3C and fig. S7B). 
Thus, the antitumor effect of S. epi-OVA is not 
restricted to the skin and subcutaneous tissues. 

The potency of the antitumor response in- 
duced by S. epi-OVA was unexpected. Even 
when used as monotherapy, colonist-induced 
T cells limited the growth of an aggressive 
tumor, which is notable because colonization 
is a mild treatment and does not induce any of 
the normal side effects of immune stimulation. 
This result is consistent with the view that 
S. epidermidis could be used as a tool for elic- 
iting antigen-specific T cells in situ. Antigen- 
specific T cells generated by other methods 
(ex vivo engineering) are expensive (29), prone 
to exhaustion (30, 31), and have had limited 
success in treating solid tumors (32). Thus, we 
tested whether S. epi—induced T cells have func- 
tional attributes that would enable them to 
be useful in a real-world setting, such as spe- 
cificity for real-world antigens, activity against 
established tumors, and synergy with existing 
immunotherapies. 
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(Mantel-Cox) test. (Bottom right) Fourteen of 16 responders initially 

injected with unilateral tumors were rechallenged (in the opposite flank) 
without receiving any additional treatment. The graph depicts caliper 
measurements of the rechallenged left-flank tumors. (B) Vaccination against 
subcutaneous B16-F10-OVA melanoma by associating with S. epi-OVApep 
25 days before tumor cell injection. (Bottom left) Blinded caliper measure- 
ments (n = 8 mice, unilateral tumors). (Bottom right) Day 26 masses of 
dissected tumors (n = 8 mice). (C) Treatment of established B16-F10-OVA 
melanoma with immune checkpoint blockade and topical S. epi-OVApep 

14 days after tumor cell injection. On day 14, before the initiation of 
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treatment, mice with no tumors or particularly large tumors (>100 mm*) 
were excluded from the analysis. Blinded caliper measurements are shown 
(middle) averaged or (right) as growth curves of individual tumors. Inset with 
segmented y axis shows tumors initially growing and then regressing 

after treatment (n = 19 to 20 mice, unilateral tumors). For bar graphs, the 
Mann-Whitney U test was used to generate P values. For tumor growth time 


S. epidermidis producing a native neoantigen 
slows tumor progression 

We asked whether S. epidermidis could elicit 
T cells specific for a real tumor antigen, and if 
so, whether their antitumor activity would be 
comparable to that of OVA-specific T cells. We 
engineered S. epidermidis to express two 
neoantigen-containing peptides (termed “S. 
epi-neoAg”) naturally present in B16-F10 mel- 
anoma that were previously shown to generate 
CDs* and CD4* T cell responses (33) (Fig. 3B). 
Colonization with S. epi-neoAg before intra- 
venous injection of B16-F10-OVA cells potently 
restricted metastatic tumor growth (Fig. 3, A to 
C, and fig. S7, A and B). A similar approach also 
reduced tumor progression in the TRAMP-C2 
prostate carcinoma model (fig. S8) (34). Thus, 
commensal-induced T cells can be redirected 
against multiple host antigens and in different 
tumor contexts. 


S. epi-OVApep colonization is effective after 
tumor cell injection 


Next, we tested whether colonizing mice with 
engineered S. epidermidis after tumor cell in- 
jection would yield a therapeutic response. Using 
the intravenous B16-F10-OVA model of meta- 
static melanoma, we colonized with S. epi- 
OVApep starting 3 days after tumor inoculation 
(Fig. 3D). The reduction in tumor burden was 
comparable to the prophylaxis model and was 
accompanied by an increase in OVA-specific 
CDs" T cells in both the lung and spleen. The 
frequency of splenic OVA-specific CD8* T cells 
correlated well with the reduction in tumor bur- 
den in S. epi-OVApep-associated mice but not 
in control mice (Fig. 3D, right), supporting 
the hypothesis that S. epi-OVApep-induced 
CD8* T cells are important for metastatic tu- 
mor control. 

Because control mice also had OVA-specific 
CDs" T cells circulating in the lung and spleen 
due to antigen exposure from the tumor, albeit a 
smaller number than in S. epi-OVApep-colonized 
mice, we asked whether the OVA-specific T cells 
differed functionally between control and treat- 
ment mice. We observed an unusual shift in 
the OVA-specific CD8* T cell pool from mostly 
central memory cells in control mice to effec- 
tor or effector memory cells in S. epi-OVApep- 
associated mice (Fig. 3E and fig. S7D). Thus, 
S. epi-OVA-primed T cells are functionally 
distinct from tumor-primed T cells, even when 
they share the same antigen specificity. The 
effector phenotype of S. epi-OVA-primed T cells 
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may explain their enhanced capacity to con- 
trol tumors (35-37). 


Engineered S. epidermidis synergizes 
with immune checkpoint blockade 


The therapeutic effect of S. epi-OVA is likely 
mediated by effector and effector memory 
T cells that can become exhausted in the tumor 
environment (38, 39), and a large proportion of 
S. epi-OVA-induced tumor-infiltrating lympho- 
cytes (TILs) were positive for programmed 
cell death protein-1 (PD-1), a marker of exhaus- 
tion (fig. S9, A to C) (40). Therefore, we reasoned 
that adding immune checkpoint blockade would 
relieve the exhaustion of S. epi-OVA—induced 
TILs and augment antitumor activity. 

We tested this hypothesis in the setting of 
subcutaneous B16-F10-OVA, which does not 
respond to immune checkpoint blockade alone 
(41, 42). In contrast to S. epi-control coloniza- 
tion, S. epi-OVApep colonization combined 
with immune checkpoint blockade led to the 
rejection of 15 of 16 tumors (Fig. 4A). In a re- 
peat experiment, we initially injected tumors 
in the right flank and 31 days later challenged 
the complete responders with left-flank tumors. 
All mice rejected the left-flank tumors, and 9 
of 14 mice continued to be tumor free in the 
right flank 2 months after the initial tumor 
challenge (Fig. 4A). Furthermore, we could vac- 
cinate mice against melanoma by associat- 
ing them 25 days before tumor inoculation, by 
which time the effector T cell response to S. epi- 
OVApep would have contracted (Fig. 4B) (3). 
Thus, the memory T cell response elicited by 
earlier S. epi-OVApep association in combina- 
tion with checkpoint blockade is sufficient to 
restrict tumor growth. 

Next, we tested whether a combination of 
engineered S. epidermidis and checkpoint in- 
hibition could treat established tumors. We 
waited either 5 or 14 days after B16-F10-OVA 
inoculation to colonize mice with S. epi-control 
or S. epi-OVApep and administer immune check- 
point blockade. The reduction in tumor burden 
was almost as pronounced as in the prophy- 
laxis model, with regression of most tumors 
(Fig. 4C and fig. S9D). No inflammation, in- 
crease in ear thickness, or significant OVA- 
specific T cell infiltration of the skin was observed 
(fig. S4B and fig. $5, B to D). Thus, the combi- 
nation of a tumor antigen-expressing commen- 
sal with checkpoint blockade yields a potent 
and durable antitumor response that can treat 
well-established tumors. 


courses, two-way ANOVA with multiple comparison testing was used. 

(D) Model: Engineered strains of S. epidermidis colonize the skin and induce 
antigen-presenting cells to stimulate antigen-specific T cells, which traffic to the 
tumor and restrict tumor growth. Immune checkpoint blockade synergizes 

with engineered commensals. All data shown are representative of two 
independent experiments. 


Discussion 

Our approach, which uses a commensal microbe 
as the adjuvant and colonization as the mode 
of tumor antigen delivery, differs from previ- 
ous strategies in important ways. In contrast 
to recent studies with native bacterial spe- 
cies from the gut microbiome, we find that the 
antitumor activity of S. epidermidis is not due 
to a change in the innate immune milieu or to 
an increase in colonist-specific CD8* T cells 
(43-46). Rather, it requires the tumor antigen 
to be present. Moreover, colonization with 
S. epi-OVA does not result in an infection, re- 
quire intratumoral delivery, or generate any 
measurable inflammation, making it safer, 
simpler, and more specific than approaches 
that require inflammation or tissue infiltra- 
tion for antitumor activity (47-49). 

Our approach is more comparable to other 
means of generating tumor-specific T cells, 
such as ex vivo T cell engineering [to generate 
chimeric antigen receptor (CAR) T and TCR 
T cells] and tumor vaccines. Although much 
research still needs to be done, engineered 
S. epidermidis is safe and simple and yields 
a potent antitumor response in combination 
with checkpoint blockade. This is notable, 
given that B16-F10 melanoma is an unusually 
fast-growing and immunologically cold can- 
cer. Other approaches that have yielded com- 
parable treatment outcomes have been far 
more aggressive (50-52). Colonist-induced 
T cells appear to have different functional 
properties than antigen-specific T cells gener- 
ated by other means. We found that S. epi-OVA- 
induced CDs* T cells were biased toward an 
effector memory (rather than central mem- 
ory) phenotype, which may explain their po- 
tency within a tumor. In contrast to vaccination 
methods that are episodic, a colonist may pro- 
vide continuous, durable stimuli over multiple 
weeks, leading to a prolonged supply of ef- 
fector T cells. 

The immune memory that we observed in 
combination with checkpoint blockade is no- 
table, given that the plasmid was lost (fig. S10). 
This indicates that even a week of antigen ex- 
posure can induce a long-lasting response, even 
if this exposure occurs much earlier than the 
tumor challenge. In the future, a strain that 
expresses antigen stably may lead to more 
prolonged antigen exposure—the equivalent of 
a “prime” and a constant “boost”—and conse- 
quently, a more robust memory immune cell re- 
sponse. Furthermore, the observation of tumor 
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rejection in some mice in treatment mode, com- 
bined with the observation that S. epidermidis 
induces CD8* T cells in nonhuman primates 
(12), suggests this may be a credible strategy 
for translation. 

More broadly, our results imply that it might 
be possible to engineer antigen expression into 
other commensal bacterial strains to elicit a 
wide range of antigen-specific immune cell re- 
sponses. Understanding how to redirect each 
one may open the door to immunotherapies 
for other diseases and deepen our understand- 
ing of commensal-host interactions. 
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Sand through the hourglass 


ix months ago, I thought my academic career was finally taking off. Growing up, I was a curi- 

ous child charmed by nature who dreamed of becoming a scientist. Because I was born into a 

poor family with little schooling, it was not an easy path. But I made it to university, the first in 

my family to do so, and chose to study mining engineering, which is highly valued in my home 

country of Chile. It seemed a prudent choice that would balance economic stability and intel- 

lectual satisfaction. By serving as a teaching assistant I also discovered I love teaching. Halfway 
through my degree, I had no doubts about the next step in my career: pursuing a Ph.D. so I could work 
at a university, conducting research and teaching. But I thought I could take my time. 


Given my upbringing, concerns 
about economic stability soon over- 
shadowed my passion for a research 
career. So, after finishing my bach- 
elor’s degree I found a part-time 
teaching position that offered a com- 
fortable salary. Even so, it was easy to 
fall into a whirlpool of debt, buying 
a flat, a new car, holidays—each ex- 
pense making it more difficult to start 
the Ph.D. I dreamed of. Time flew. 

It took me 5 years and a pan- 
demic to stabilize financially and 
go ahead with the doctorate. I 
found a Ph.D. group I really enjoy 
working in, and everything finally 
seemed to be on track. I was all set 
to write my first research proposal, 
conduct my first fieldwork, and do 
an internship abroad. My future 
prospects seemed limitless. 

Then, I tore my calf muscle while 
playing with a kitten my partner and I had recently adopted. 
The doctor said it should heal on its own, but after a few weeks 
the pain had not gone away. The doctor sent me for scans to 
see if I might have blood clots. His worries were confirmed: I 
had clots not only in my right leg, but also in my lungs. I was 
in a panic; in just 3 weeks I was due to fly to England to start 
my internship. A blood thinner medication cleared up the 
clots, I felt good, and a new flight was booked. I thought this 
would just be a blip in my plans, one I would quickly forget. 

But soon the pain in my leg returned, and in the back of 
my mind I knew I would not travel. The doctor found that, 
even though I was taking anticoagulants, I had developed 
new clots. Further examination found a 10-centimeter tumor 
in my liver: I had stage 4 cancer. 

As a lover of numbers, I asked my oncologist what the sur- 
vival rate was. One in 20 patients, he said. I heard the words 
but couldn’t process what they meant. I asked again. Only 5% 
survive, he said. When I got home and did my own litera- 


“| still don’t know how long 
I’m going to live ... but | will keep 
going for as long as | can.” 


ture searching, I found the doctor's 
discouraging prognosis repeated in 
paper after paper. What had begun as 
the best year of my life had become 
perhaps the last year of my life. The 
worst part was not my own pain, but 
the sadness I was causing for the peo- 
ple who loved me—my partner, my 
sister, my parents. 

I paused my work and studies to fo- 
cus on my treatment, which includes 
chemotherapy and immunotherapy. 
My mother dropped everything to 
take care of me, for which I am im- 
mensely grateful. 

My illness also spurred me to focus 
on what I really enjoy—and to realize 
I find even more satisfaction in my 
work than I had known. Although my 
Ph.D. is officially on hold, working 
on my research when I can helps me 
forget my disease for a few moments 
here and there, like a temporary escape door. And I’m proud 
to have made it to a Ph.D. program in the first place, even 
with the detours and delays. I don’t regret the time it has 
taken—every step along the way has taught me important les- 
sons and is a part of who I am. I am trying to approach my 
disease with the same perspective. 

Thankfully I have responded well to my treatments and 
the tumor has shrunk by more than 50%. I still don’t know 
how long I’m going to live—maybe a few years—but I feel 
like I have more time. I want to close circles in my life, 
including my Ph.D. I have so many ideas I want to work on 
and sometimes I don’t know where I should start, with the 
sand running through the hourglass right behind me. But I 
will keep going for as long as I can. 


Jorge Cortez Campafia is a researcher at the Pontifical Catholic 
University of Chile and the University of La Serena. Send your career 
story to SciCareerEditor@aaas.org. 
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Optical Mounts 

Optical Surfaces offer a range of optical mounts 
designed to mechanically support parabolic, 
spherical, and flat mirrors from 100 mm to 

600 mm (4 in to 24 in) in diameter. Employing 
high-precision optics in applications where optical 
stability is critical is pointless unless they are stress-free and posi- 
tioned with absolute precision. All OS Series Mounts are constructed 
in black anodized aluminium and are proven in labs worldwide to 
provide long-running, trouble-free operation. Optical Surfaces is also 
experienced in designing and supplying custom optical mounts for 
securely holding and allowing precise positioning of larger-diameter, 
irregularly shaped, or lightweighted mirrors. 

Optical Surfaces 

For info: +44-208-668-6126 

www.optisurf.com 


Multimode Plate Reader 

PerkinElmer launched the EnVision Nexus system, its fastest and most 
sensitive multimode plate reader to date, designed for demanding 
high-throughput screening (HTS) applications and to accelerate drug 
discovery efforts. The EnVision Nexus platform, with complementary 
microplates and optimized reagents from PerkinElmer’s drug discovery 
reagents portfolio, including proprietary HTRF and AlphaLlSA tech- 
nologies and latest reagent kits, provides researchers increased assay 
flexibility. The EnVision Nexus system features high-throughput, excep- 
tionally fast dual detectors, enabling researchers to screen millions of 
samples with increased accuracy, speed, and sensitivity. For walkaway 
convenience, the system can be equipped with a plate stacker for 20 or 
50 plates and can be fully integrated for 24/7 workflow-driven automa- 
tion. Easy to set up, use, and maintain, the new EnVision Nexus plat- 
form works across major detection technologies, including fluorescence 
intensity, fluorescence polarization, absorbance, luminescence, and 
time-resolved fluorescence (TRF). 

PerkinElmer 

For info: +1 781 663 6900 

www.perkinelmer.com 


Ruggetized Lenses for Space Projects 

Resolve Optics is a leading designer and international supplier of rugge- 
dized lenses and optical systems for spaceborne applications. The cost 
of launching payloads into space is considerable—incorporating only 
“space ready” ruggedized lenses or optical systems into your satellite or 
space observation system is therefore critical for achieving longer-term, 
high-performance operation. During launch into space, lenses in high- 
precision instruments and cameras are subject to vibration and shock. 
While slight vibration might cause malfunction in lenses, severe vibra- 
tion can result in damage that is beyond repair. Shock waves are also 
highly detrimental to the performance and operation of high-precision 
optical devices. Over the past 20 years, Resolve Optics has developed 
the expertise to design ruggedized lenses and optical systems proven 
to withstand the vibration effects and shocks encountered during 
launch. To ensure all ruggedized lenses and optical systems produced 
can withstand the launch vibration and shock profile provided by the 
customer, Resolve Optics has invested in in-house testing equipment. 
Resolve Optics 

For info:+44-1494-777100 

www.resolveoptics.com 
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Bst P DNA/RNA Polymerase (glycerol-free) 


Bst P DNA/RNA Polymerase is an upgraded version of Bst DNA/RNA 
Polymerase through enzyme electronic restructure and evolution 
screening (in silico design & in vitro evolution), which is generally used 
for LAMP or RT-LAMP amplification of DNA or RNA. The whole Bst P 
DNA/RNA System includes hot-start aptamers, which ensures that the 
enzyme activity blocking efficiency is >95% at <30°C, and the enzyme 
activity is completely released within 1 min at >60°C. This characteristic 
facilitates the establishment of the reaction system at room tempera- 
ture and greatly reduces the nonspecific amplification at low tem- 
peratures. The reaction temperature is further raised to 70°C, which 
greatly reduces the formation of primer dimer, improves the amplifica- 
tion specificity, and makes the nucleic acid release of crude samples 
more sufficient. Additionally, the whole portfolio contains Helicase, so 
Premium LAMP amplification (pLAMP) is allowed without using F3/B3 
primers. At the same time, Helicase assists in strand unwinding, which 
further reduces the concentration of FIP/BIP primers. This will further 
reduce nonspecific amplification and greatly improve amplification 
homogeneity. 

SBS Genetech 

For info: tech@sbsbio.com 

www.sbsgenetech.com 


NOG Mice 

FcResolv NOG models from Taconic Biosciences are the first and only 
super immunodeficient mouse models lacking residual expression of 
murine Fc gamma receptors (FcyRs), which are known to interact with 
antibody-based therapeutics and confound results. FcResolv models 
provide greater clarity, higher confidence, and improved translatability 
of study results by eliminating this known source of false positives and 
negatives. FcResolv models are ideal for investigating any indication 
which utilizes a therapy incorporating an Fc domain, including oncol- 
ogy, immuno-oncology, and autoimmune disease research. FcResolv 
NOG models are suitable for engraftment of tumor xenografts, human 
cells and tissue, and immune system humanization. FcResolv hIL-15 
NOG models support human NK engraftment for studies on therapeu- 
tics with an ADCC mechanism of action. 

Taconic Biosciences 

For info: +1 (888) 822-6642 
www.taconic.com/mouse-model/fcresolv-nog 


Reactor Modules for Flow Chemistry 

Uniqsis offers a range of reactor modules designed to enable labs with 
a limited budget to build flow chemistry systems without compromising 
performance. The Cold Coil IIFlow Reactor Module is designed to pro- 
vide a flexible, entry-level solution for low-temperature flow chemistry 
applications. Used in conjunction with an external thermoregulation 
circulator, the Cold Coil Il can maintain stable temperatures between 
-78°C and +150°C for extended periods of time. With an operating 
temperature range of ambient to +300°C, the HotCoil reactor heating 
module represents a cost-effective entry solution into flow chemistry. 
HotChip is a standalone heater module that provides precise tempera- 
ture control of flow chemistry glass static mixer (GSM) chip reactors. 
The Uniqsis range of chemically resistant borosilicate glass chip reactor 
blocks can be used as static mixers to ensure effective mixing before 

a coil reactor or to perform fast exothermic reactions where reaction 
times are often less than 1 min. 

Uniqsis 

For info: +44-845-864-7747 

www.uniqsis.com/paAccessories.aspx 
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